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frontispiece
The central region of the Fornax cluster, taken from the SRC 
Schmidt J survey field 358 (see also figure 4.1). The 
galaxies are identified, with the names of non-program 
galaxies enclosed in parentheses. The range of luminosities 
studied here extends from the bright ellipticals NGC1399 and 
NGC1404 in the cluster core, to the faintest elliptical 
observed 0333-36. 0333-36 is isolated, but the faint 
elliptical JJ79 is close to several other early-type 
galaxies in the cluster core.
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ABSTRACT
Flux calibrated spectra have been obtained of the nuclei of 12 
Elliptical and 5 Lenticular galaxies in the FORNAX cluster, at a 
resolution of 10 - 20 A and in the wavelength range 0.36 to 0.72 
micron. The observations have been extended to a long wavelength limit 
of 0.88 or 1.0 micron for 12 of the galaxies. The galaxies observed 
cover a 6 magnitude range of absolute magnitude and define the form 
and intrinsic width of the cluster colour-magnitude relation well.
The galaxy spectra have been synthesised with a flux library of 48 
synthesis standard spectra, compiled from spectrophotometry of ~200 
stars in the wavelength range 0.36 to 1.0 micron at a resolution of 
15 A. The stars observed cover a complete solar abundance sequence of 
all spectral types and luminosity classes, with additional metal-weak 
and metal-rich G-K giant branch sequences.
The results presented here confirm that population synthesis of 
several galaxies covering a large range of absolute magnitude in one 
cluster permits good differential comparison of the mean galactic 
metallicities and ages associated with the main sequence turnoff 
group. The major conclusions are :
1) The metallicity results confirm the well known trend of 
decreasing mean metallicity with decreasing galactic luminosity.
A metallicity gradient in [Fe/H] of at least 0.16 dex per 
magnitude is indicated over the 6 magnitude range of absolute 
magnitudes studied here. The brightest ellipticals NGC1399 and 
NGC1404 are 2 to 3 times more metal-rich than solar. The trend 
of mean metallicity with luminosity is the principle factor 
determining the slope of the cluster CM relation.
2) The ages associated with the main sequence turnoff groups are 
generally quite young (6 to 10 Gyr). This implies that 
substantial star formation has occurred in all early-type 
galaxies for about 8-10 Gyr after the epoch of globular cluster
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formation. The only possible trend of turnoff age with 
luminosity is towards younger ages (more extended star 
formation) in brighter ellipticals.
3) The turnoff ages of the lenticulars are significantly older (> 3 
Gyr) than those of ellipticals of the same absolute magnitude, 
implying that star formation terminated earlier in lenticular 
systems. The mean metallicity of the lenticulars is also lower 
than that of ellipticals of the same absolute magnitude.
4) Three bright ellipticals (NGC’s 1404, 1399 and 1379) show strong 
evidence for a significant blue light contribution due to late 0 
dwarfs, implying some ongoing star formation in at least these 
systems. Syntheses of other early-type galaxies also favour some 
0-B dwarf contribution, but these galaxies can be equally well 
fitted with an enhanced metal-weak G-K giant contribution and 
some horizontal branch starlight. A significant 0 dwarf 
contribution (10 % at U) is consistent with a strong turnup in 
the uv flux below 1800 A, whereas a purely horizontal branch 
contribution would provide a ~flat uv continuum. Hot dying stars 
can not be present in sufficient numbers to contribute 
significantly to the uv flux in any early-type galaxy. UV bright 
stars could provide a significant fraction of the uv flux in the 
fainter, metal-weak galaxies.
5) There is a weak correlation between the percentage light 
contribution due to OB dwarf stellar groups, and the colour 
residuals from the mean (U36-V) vs. V nuclear colour-magnitude 
relation. Variations in the contribution due to recently formed 
OB dwarfs could account for a significant fraction of the 
intrinsic width in (U-V) of the cluster CM relation.
6) The faintest ellipticals studied here have absolute magnitudes 
similar to that of M32. The faintest elliptical 0333-36 is 
isolated from other galaxies and is clearly very metal-weak with 
[Fe/H] < -0.6. Star formation ceased at least 8 Gyr ago in 
0333-36. The faint elliptical JJ79 is situated in the cluster 
core close to several other early-type galaxies. The metallicity
(iv)
of JJ79 is solar or greater, and this galaxy shows strong 
indications that substantial star formation activity occurred as 
recently as 3 Gyr ago. Relatively high (solar) metallicity and 
indications of recent star formation in low luminosity 
ellipticals such as M32 and JJ79 are probably consequences of 
tidal interactions with massive companions.
The population synthesis technique can also give galactic mass to 
light ratios which are independent of distance. The results show that
detailed population syntheses of near infra-red spectra from 0.7 to 
1.0 micron enable only upper limits to be reliably calculated for the 
mass to light ratios of early-type galaxies. The conclusions regarding 
galactic mass to light ratios are :
7) The measured near infra-red spectra of galaxies can be well 
fitted by several combinations of M dwarf to M giant 
contribution ratios, resulting in M/Lv ratios in the range 1 to 
13 for most early-type galaxies. The Na I doublet feature at 
8190 A does not provide sufficient discrimination between M 
dwarfs and M giants to determine more precise values of M/L^, 
although the fairly low measured equivalent widths clearly 
excludes M/L^ values greater than 20. Good quality spectra of 
the Wing-Ford (FeH) band at 9910 A may enable more reliable 
estimates of mass to light ratios to be derived from synthesis 
techniques.
8) Upper limits to M/Lv ratios calculated from synthesis fits 
conform well with M/Lv ratios calculated from nuclear velocity 
dispersion measurements. There is no reliable evidence for 
hidden mass in the nuclei of early-type galaxies of any 
luminosity. The dynamical estimates are consistent with galaxy 
M/L^ values of about 5 (M/Lß ~ 7) , independent of absolute 
magnitude.
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CHAPTER 1
INTRODUCTION Ai«) LAYOUT OF THESIS
1.1 REVIEW OF PREVIOUS WORK AND THESIS CONTEXT
1.1.1 Colour-Magnitude Relation for early-type Galaxies
The existence of a colour-magnitude (CM) relation for Elliptical 
galaxies has been known since the work of Baum (1959), who noticed 
that intrinsically faint ellipticals tend to be bluer (in B-V) than 
more luminous ones. This effect has been well studied since by many 
workers (de Vaucouleurs 1961, Webb 1964, Rood 1969, Tif.ft 1969, Lasker 
1970, de Vaucouleurs and de Vaucouleurs 1972), who have also noticed a 
colour-aperture effect, with colours of early-type galaxies being 
generally redder towards their nuclei.
The present work starts from the observational fact that there now 
exists a well determined and apparently universal CM relation for 
ellipticals in clusters (Visvanathan and Sandage 1977). Those authors 
found that the CM effect was strongly wavelength dependent, being 
maximised between wavelengths of 3500 and 5500 A (their u-V). They 
found a colour-magnitude gradient of 0.1 mag colour change in (u-V) 
per unit absolute V magnitude change, being the same for elliptical 
and lenticular galaxies, and the same for Virgo and 8 other nearby 
systems. Sandage and Visvanathan (1978a) have also found that the 
ratio of colour-aperture slopes (in ubVr) is nearly the same as the 
ratio of CM effect slopes, implying a similar explanation for these 
two effects.
The CM effect as a function of absolute magnitude, and the associated 
colour-aperture effect within each galaxy, have been generally and 
most simply interpreted as being due to metallicity variations; the 
metal line blanketing increasing as a function of overall metallicity 
and thus depleting the 0 and B flux in metal-rich systems as compared 
to metal-weak systems. McClure and van den Bergh (1968) and Sandage
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(1972) showed that a tight correlation existed between the reddening 
free photometric metallicity indicator (Q) and absolute magnitude, in 
the sense that bright ellipticals tend to be both redder and have 
higher metal indices. The latter result has been extended by Faber 
(1973^ Visvanathan and Griersmith (1977) and Visvanathan (1979), to 
show that CN and Magnesium (Mgb and MgH) line indices correlate 
strongly with galactic absolute magnitude; the brighter galaxies being 
stronger lined.
The purpose of this thesis is to elucidate the known continuum and 
line strength variations with absolute magnitude in terms of 
differences in the composite stellar population. This is done by 
empirical stellar population synthesis, applied differentially to 
early-type galaxies covering a wide range ( * 6 mag) in absolute 
magnitude in a single cluster, FORNAX. Since the colours and spectrum 
of a galaxy are due to the integrated light of its composite stellar 
population, the results described above imply that the stellar 
population of an elliptical galaxy is primarily a function of its 
absolute magnitude or, by extrapolation, its mass.
It is to be noted that individual stars in galaxies with distance 
moduli of ~ 32 or greater can only be 3een for absolute stellar 
luminosities = -4 or brighter even with space telescopes. This 
rules out population analysis on the basis of individual star counts 
for any galaxies (except close companions), and means that population 
synthesis is the only available tool for this analysis. Space 
telescope data in the uv for galaxies, together with resolution of 
individual blue stars in the centres of globular clusters will 
nevertheless provide valuable insight into several problems in 
population synthesis which are unresolved at present.
1.1.2 Empirical Population Synthesis - Results to date
A method for deriving quantitative information on the stellar 
populations of composite stellar systems from either broad-band 
photometry or line-strength information was first demonstrated by 
Whipple (1935). The basic parameters describing a galaxy which can be 
derived by the population synthesis technique are: i) the relative
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proportions of stars of different metallicities, ii) the M dwarf to
giant ratio and hence the mass to light ratio, iii) the age
corresponding to the main sequence turnoff group and iv) the
significance of any additional young 3tellar component. The first 
comprehensive population synthesis models were derived in 1971 by 
Spinrad and Taylor, for the nuclei of M31, M32 and M81. Their initial 
results for the nucleus of M31 (whose spectrum is roughly equivalent 
to that of giant ellipticals) showed a dwarf rich (M/1* ~ 40) largely 
old stellar population, with some star formation occuring until ~ 4 
billion years ago. Strong line super metal rich (SMR) stars were 
necessary to best fit the observed Mgb and NaD line strengths - 
indicating a stellar population much more metal rich than solar.
The success and obvious power of the technique encouraged much more 
work on both spiral and elliptical galaxy nuclei. Subsequent stellar 
synthesis work on ellipticals by Faber ( 1972,19731»), Williams ( 1976), 
O'Connell (1976b,1980) and Pritchet (1977) indicated however, that a 
great deal of care needed to be exercised to enable the extraction of 
clear, unambiguous results from the variety of possible fits to the 
data. Reasonable models can be constructed with quite a variety of 
parameter combinations, with variations in one parameter counteracting 
those in another. The unfortunate conclusion from this work is that 
powerful statements about the stellar population of an individual 
galaxy can only be made within the framework of quite strict a priori 
assumptions about that population; these assumptions being used to 
generate the astrophysical constraints controlling the solution 
obtained. Differential synthesis, of several galaxies in one cluster, 
provides the best method of reducing the impact of this unfortunate 
situation, and allows strong conclusions to be drawn about the 
population TRENDS as a function of Luminosity.
Despite the qualifications mentioned above, the results of O'Connell 
(1976b) indicate reasonably clearly that the most plausible model for 
giant ellipticals consists of one basic stellar population of age ~ 9 
billion years, with a small fraction of light (at V) coming from hot 
stars. The majority light at V is contributed by GO-K1 dwarf stars 
(35 %) and KO-2 giants (30 %). The giant stars are exclusively SMR 
stars in this model, there being no stars presently available to
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stellar synthesis libraries with sufficiently strong Mgb or Na I lines 
to properly match the observed giant Elliptical line strengths.
Faber (1973) has concluded from 10 colour intermediate band photometry 
of 31 ellipticals in several groups that this data is "consistent with 
the hypothesis that variations in metal abundance alone [in otherwise 
similar stellar populations] are responsible for differences in 
continuum colour and line strength among galaxies as a function of 
absolute magnitude". Taking these results of Faber and O'Connell 
together we are left with the quite reasonable hypothesis that all 
cluster ellipticals have 3tellar populations formed in a single epoch 
about 9 billion years ago, with a uniform IMF power law slope 
(dN(m)/dm ~ m of x~2 (O'Connell 1976b) and differing only in 
their mean metal abundance. Under this hypothesis, which we refer to 
here as the 'basic hypothesis', the mean metal abundance would 
presumably vary from about twice solar at the bright (M^ = -23) end to 
about half solar at the faint (M^ = -16) end (Aaronson et al 1978a).
1.2 COMPLICATIONS TO THE BASIC HYPOTHESIS
Despite the simple attraction of the basic hypothesis, there are 
several indications that the real situation is much more complicated. 
The most troublesome complication is the problem of determining the 
evolutionary state of the blue stars which are clearly indicated to be 
present.
1.2.1 Blue stars in Old Stellar Populations
It has been known for some years (O'Connell 1976b, Aaronson et al 
1978a) that there was a problem with giant elliptical broad-band (U-V) 
colurs, a problem which excludes a purely old, metal-rich population 
with no source of additional blue light. The recent extension of 
elliptical galaxy energy distribution curves to the UV (Bertola et al 
1980, Wu et al 1980, Norgaard-Nielsen and Kjaergaard 1981 and Bertola 
et al 1982) indicate a turnup in the galactic flux below 1800 A, 
implying the presence of stars of temperatures about 30,000 K 
(spectral type 08 to B0), with no significant concentration towards 
the nucleus (Oke et al 1981). These stars could be old, evolved stars
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such as extremely blue horizontal branch (HB) stars, uv bright stars 
or blue stragglers, or they could be upper main sequence stars 
indicative of relatively recent star formation. These possibilities 
are now discussed.
Blue horizontal branches are a feature of metal-weak globular cluster 
systems in our galaxy, but there are no HB stars observed individually 
which are sufficiently blue to explain the observed turnup in galactic 
uv fluxes. Further, a small blue HB component requires a larger 
metal-weak G-K giant contribution (to correspond with globular cluster 
CM diagrams), and leads to problems in fitting the galaxy spectra line 
strengths. It is noteworthy that a UV turnup similar to that observed 
in early-type galaxies is seen in the globular cluster NGC6624 (Dupree 
et al 1979), with relatively high metal-abundance [Fe/H] = -0.23 (Zinn 
1980). Such a turnup could be due to just one blue HB star (mid B 
spectral type) in the nucleus of the globular, but no blue HB is seen 
in the stellar CM diagram (Lilier and Carney 1978), constructed from 
observations in the outer parts ( > 40 arcseo from nucleus - much 
bigger than the IUE aperture). Alternatively the uv source might be 
associated with the source of the observed X-ray flux in this 
globular, indicating possible gas accretion by a central compact 
source. The existence of a strong blue HB in either a relatively 
metal-rich globular cluster, or in high metallicity giant ellipticals 
would be quite difficult to explain. It must be born in mind however, 
that the spread in stellar abundances within one galaxy is probably 
far greater than the spread in mean metallicity along the CM relation.
The phenomenon of uv bright stars in globular clusters is now well 
observed (Zinn et al 1972, Harris et al 1983). UV bright stars have 
absolute magnitudes close to giant branch tip stars, but have much 
bluer colours. Their evolutionary status is not clear however, they 
could be dying stars moving from the tip of the giant branch to the 
white dwarf stage, or possibly stars on short-lived blueward 
excursions from their normal giant branch evolution (eg. Gingold 1976, 
1977a). It is again true that no uv bright star yet observed 
individually has a sufficiently blue colour to provide the necessary 
uv flux, but this may be merely observational selection due to their 
short lifetimes in this region, and it is possible that more
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metal-rich systems could provide more «-and bluer stars due to increased
envelope mass subsequent to HB evolution. As an observational example
of the possible increase in numbers, there is one uv bright star ( ~B7
spectral type) in NGC1851 ([Fe/H] - -1.53, Zinn 1980), but appear to
be several in Melotte 66 which is an old disc open cluster of
age ~ 6 Gyr and [Fe/H] ~ -0.6 (Anthony-Twarog et al 1479). At least 4
of the uv bright stars in Melotte 66 are confirmed an probable cluster
members by radial velocity measurements (Freeman and Green 1983,
private communication). There also seem to be several uv bright stars
in the intermediate-age clusters (blue globulars) in the LMC (Hodge
1981). The numbers of uv bright stars thus increase from about 1 per
million M for an old, metal-weak system to about 1 per thousand M o o
for a younger, more metal-rich system, but a large contribution from 
these stars still requires a large metal-weak K giant contribution, 
which will not fit the colours or line strengths of bright
ellipticals.
The possibility of blue stragglers being the source of galactic uv 
light has been most extensively discussed by Gunn et al (1981). These 
stars provide roughly 10% of the light at V in old, metal-rich 
clusters M67 and NGC188, but again their evolutionary status (internal 
mixing, binary mass transfer) is not clear. Their position just above 
the main sequence turnoff in cluster CM diagrams makes them difficult 
to distinguish in population synthesis from a slightly earlier main 
sequence turnoff group (and age) however.
The possible existence of young stars in an otherwise old stellar
population is not totally perverse. Oemlcr and Tinsley (1979) have
suggested that Type I SN (common in ellipticals) are associated with
young stars, by statistical correlation between SN I occxirences and
sites of new star formation in 10 and spiral galaxies. There is still
considerable observational and theoretical uncertainty concerning the
stellar progenitors of SN I, and in particular about their age
(Wheeler 1982 and references therein). There appears to be some
support however, for the theory that SN I result from the detonation
or deflagration of the degenerate core of a fairly massive (~9 M )o
star (Weaver et al 1980, Nomoto 1982, Wu et al 1983). Progenitors as 
massive as this would clearly imply some recent star formation in
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early-type galaxies.
Despite the general preference in the literature for old, blue evolved
stars as the source of the observed galaxy UV flux, there appears to
be no firm evidence to rule out the presence of young main sequence
stars from recent star formation, although very bright, blue massive
stars (> 30 M ) and HII regions are not observed. None of the derived o
models rule out the possibility of now star formation, and a recent 
model for the dwarf elliptical M32 (O'Connell 1980) explicitly derives 
star formation continuing until ~5 Gyr ago. Continuing star formation 
is the favoured origin of hot stars in 'evolutionary' syntheses of 
elliptical galaxies constructed by Gunn et al (1981). Mass loss 
during giant branch evolution should convert about 5 % of the total 
mass of an elliptical galaxy into gaseous form over its lifetime 
(Sandage and Visvanathan 1978b and references therein), but 21 cm 
observations show upper limits to galactic H I which are an order of 
magnitude less than this at least (Sanders 1980). New star formation 
could provide a simple mechanism for using up gas produced in mass 
loss from giant branch evolution (Faber and Gallagher 1976, Sanders 
1981); the reduction in Jean's mass due to lowered densities possibly 
excluding formation of high mass stars (see eg. Fabian et al 1982). 
The possibility of recent or on-going star formation in early-type 
galaxies is of vital importance to our understanding of these systems, 
and of their colour and luminosity evolution, and one of the major 
tasks of population synthesis must be to differentiate between new, 
upper main sequence or old, evolved stars as the source of the 
galactic uv flux. Unfortunately the distinction between these stellar 
types is not great at the wavelength coverage and spectral resolution 
so far achieved, particularly since thi3 component typically 
contibutes only about 2 % of the light at V (~20 % at 3700 A). It may 
well be that a clear distinction must await high quality Space 
Telescope uv spectra of luminosity dependent features, particularly 
C IV at 1550 A (Code and Meade 1979).
1.2.2 Residual Gas in Low Luminosity Ellipticals
If recent star formation is important in elliptical galaxies, it seems 
possible that distinct differences will exist between dwarf and giant
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galaxies, since the amount of gas remaining after galaxy formation, 
and the amount of any subsequent gas capture will be quite different 
in these two cases. One possible source of gas for later epochs of 
star formation has already been mentioned - giant branch evolution and 
mass loss. Another possible source in low-luminosity ellipticals is 
slow initial star formation, leaving significant quantities of 
metal-poor gas for subsequent slow star formation in these systems. 
This possibility follows from the common assumption that the star 
formation rate is proportional to some power (usually p2) of the gas 
density. Gott and Thuan (1976) have suggested that it is the size of 
the initial density perturbation (at recombination) which determines 
the star formation to collapse timescale ratio, and hence the 
morphology of the subsequent galaxy. In this scenario elliptical 
galaxies are presumed to form from large density perturbations, 
leading to rapid star formation which is essentially completed at the 
time of maximum galactic collapse. Spiral galaxies on the other hand 
are presumed to form from lower density perturbations, leaving a large 
fraction of the gas unused at maximum collapse. Such a concept would 
require low mass ellipticals to form from less pronounced density 
perturbations than more massive ellipticals, and hence to have a 
slower star formation rate and more primordial gas remaining at 
maximum collapse to fuel subsequent slow star formation. Star 
formation extending to later epochs in lower mass ellipticals would of 
course make them bluer, with stronger Balmer lines and weaker Mg, Na 
lines due to increasing the proportion of upper main sequence to giant 
branch flux at V wavelengths.
1.2.3 Dynamical variations with buminosity/Mass
A further problem with the simple hypothesis of a one parameter 
(metallicity) relation governing colour and line-strength variations 
in ellipticals is the recent result (Davies et al. 1982, DEFIS; Davies 
and Illingworth 1983) that giant and low mass ellipticals are 
dynamically distinct. The DEFIS result indicates that giant
ellipticals are non-rotating, triaxial systems supported by velocity 
dispersion, whereas low mass ellipticals are rotating, biaxial oblate 
systems with significant rotational support. This result would appear 
to call into question any theory which attempts to treat any result
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for elliptical systems a3 a simple, smooth variation of one parameter 
with Luminosity, since the dynamical evolution is apparently quite 
different for giants and dwarfs. Despite this apparent dynamical 
distinction, Sandage et al (1982) have emphasised that important 
observational parameters such as effective surface brighteness and 
ratio of effective radius to core radius vary smoothly with absolute 
magnitude, for galaxies covering a 12 »magnitude range of absolute 
magnitude in the Virgo cluster. These smooth relations also extend to 
fainter dwarf systems and clearly imply that absolute magnitude (and 
hence mass) is the principle controlling parameter affecting 
early-type stellar systems.
1.2.4 Mergers and Cannibalism
The evidence that merger activity in galaxies is an important 
evolutionary effect (ie. a general effect, not just for one or two 
peculiar systems) is by no means conclusive. There is however now 
ample evidence that giant cluster-dominating cD galaxies have multiple 
nuclei, which are visible on short exposure photographs. This is 
strong evidence that galactic cannibalism has almost certainly 
occurred in at least these systems. Observational evidence that 
mergers are an important if not common feature in galaxy evolution is 
growing (Quinn 1982, Schweizer 1982); the possibility has been 
extensively discussed by Silk and Norman (1981) and Farouki et al 
(1983). In the merger context there are at least 2 distinct 
possibilities affecting giant and dwarf galaxies differently ; i) 
mergers between low mass elliptical systems at an early epoch - 
leading to higher mass systems with more complete and more metal 
enhanced star formation, and ii) mergers between disc and high m<i3S 
elliptical systems at later stages, loading to possible late bursts of 
star formation in giant ellipticals. Strong evidence for the merging 
of disc and elliptical systems comes from the models of shell galaxies 
presented by Quinn (1982). If mergers do occur, then oven without star 
formation (mergers of 2 exclusively stellar systems), they will 
seriously complicate the uniform, one parameter assumption of the 
basic hypothesis if systems of different mass merge. This may however 
provide one explanation for the intrinsic scatter in the CM relation.
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1.3 AIMS OF THIS THESIS
Faced with the results, assumptions and problems outlined above, this 
thesis has been constructed to combine the established power of the 
population synthesis technique to fit good, astrophysically plausible 
population models to observed galaxy nuclear spectrophotometry, with 
the standard astronomical technique of differential analysis. We have 
observed 12 ellipticals and 5 lenticulars in ONE CLUSTER (Fornax), 
covering a range of luminosity of more than 200:1. We intend to 
exploit the cluster membership of these galaxies to minimise the 
extraneous problems of reddening (in our Galaxy), environment and age 
(of cluster formation), and to explore the DIFFERENCES in the 
synthesis models as a function of absolute magnitude.
Our aim is to determine i) how the relative proportions of 
metal-strong to metal-weak stars (mainly giants) vary, ii) how the 
nature and position of the main sequence turnoff (MSTO) group varies, 
iii) how the proportion of hot (hotter than MSTO group) stars varies 
and iv) how the ratio of giant to dwarf stellar light contribution 
varies, all as a function of galactic luminosity. This last point is 
notoriously difficult in population synthesis (cf O'Connell 1976b, 
Gunn et al 1981), and remains uncertain here despite the significantly 
improved resolution of such near infra-red features as Na I (8183, 
8185 A.) and Ca II (8498, 8542, 8662 A) which are strong in dwarf and 
giant stars respectively. Mass to light ratios determined via 
population synthesis still have large errors, but are important 
because they give values which are independent of distance. These 
values can also be compared with dynamical estimates to check for the 
possible presence of dark matter in galaxies. We stress that all 
primary results from this work will be differential, and any real 
differences in the IMF with Luminosity should be detectable.
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1.4 LAYOUT OF THE THESIS 
Chapter 2
The observations of ~200 stars and general techniques of data 
reduction, flux calibration arid combination of spectra from different 
wavelength regions are described. The wavelength coverage (3600 - 
10000 A), spectral resolution (15 A) and spectral sampling (3 A) 
achieved are illustrated, and the range of stellar spectral types and 
metallicities observed in this program described. This chapter also 
describes the techniques used to measure colours on various 
photometric systems from the flux calibrated spectra, and compares the 
calculated stellar colours with published photometry.
Chapter 3
The apportioning of individual observed stellar spectra into the 48 
Synthesis Standard Spectra (SSS) groups used for empirical population 
synthesis is described, and complete spectral plots of each SSS given. 
The calculated colours and allocated physical parameters appropriate 
to each SSS group are listed, and the measured strengths of prominent 
lines plotted as functions of (V-R)^ colour, metallicity and 
luminosity class. The concepts of Composite Isochrone Spectra (CIS) 
and evolutionary synthesis are also introduced in this chapter. Each 
CIS represents the composite spectrum due to light from stars of a 
single epoch of star formation with specified age, metallicity and 
slope of the initial mass function (IMF - assumed power law), and is 
formed by summing the SSS in the proportions determined by binning (in 
log Te) the stellar numbers of appropriate Isochrone tabulations. A 
grid of 27 Isochrone (time-line) tabulations have been interpolated 
from the new Yale Isochrone tabulations (Green et al 1983) for 
selected ages, metallicities and IMF slopes, and CIS formed for each. 
The Isochrone grid parameter selection, calculated stellar group 
number ratios and resulting CIS and their calculated colours are 
given.
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Chapter 4
The observations of 17 Fornax early-type galaxy nuclear (6 arcsec) 
spectra on two telescopes and with several different, i nst.ruments are 
described. The details of data reduction (where different from those 
described for the stars in chapter 2) are given, and all the final 
combined, flux and wavelength calibrated galaxy nuclear spectra 
plotted. The variation of prominent line strengths with nuclear V 
magnitude is described, and nuclear colours calculated on two commonly 
used photometric systems. These calculated nuclear colours are 
compared with published, fully corrected colours, and nuclear 
colour-colour and colour-magnitude relationships derived and 
described.
Chapter 5
The techniques of population synthesis are described, and details 
given of the actual synthesis program used (XOPRQP, Bartholomew-Biggs 
1979). The behaviour of both empirical (SSS) and evolutionary (CIS) 
syntheses and their reliability under various imposed conditions of 
noise, reduced synthesis library and restricted wavelength coverage is 
tested and described.
Chapter 6
The detailed results of synthesising the Fornax galaxy nuclear spectra 
are presented. The spectral types of the blue stars which are required 
to fit the observed spectra, and the requisite stellar numbers 
assuming various evolutionary phases, are discussed in terms of their 
correspondence with astrophysical constraints. The brightest 
ellipticals are shown to favour some ongoing late 0 dwarf star 
formation, and are predicted to display a strong turnup in their uv 
flux below 1800 A. The mean galactic metallicities and ages associated 
with the optimally determined main sequence turnoff groups are derived 
as functions of nuclear V magnitude. The lent.iculars are shown to 
conform to the trend of decreasing mean metallicity with decreasing 
luminosity, but to have terminated star formation significantly 
earlier than ellipticals of similar absolute magnitude. Comparison of
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the two faintest Fornax ellipticals indicates a probable environmental 
origin for the recent star formation and relatively high (solar) 
metallicity of the faint nearby elliptical M32. The near infra-red 
spectra are shown to reliably provide only upper limits to the 
galactic mass to light ratios. The upper limits conform well with 
dynamical estimates derived from velocity dispersion measurements, 
which indicate M/L^ ratios of about 5, independent of absolute 
magnitude.
The conclusions of t.hi.s thesis are summarised in chapter 7.
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CHAPTER 2
STELLAR OBSERVATIONS AND DATA REDUCTION 
2.1 INTRODUCTION
The stellar observations reported here were obtained on two 
telescopes, each with two instrument/detector combinations. The Mount 
Stromlo Observatory (MSO) 1.9m telescope was used for observations in 
the wavelength range 0.36 to 0.85 micron (referred to hereafter as 
'optical'), whilst the 3.9m Anglo Australian Telescope (AAT) was used 
during twilight to obtain near infra-red (0.7 - 1.0 micron) spectra of 
selected late-type stars.
In order to perform the stellar population synthesis, the 
observational objective was to obtain good, flux calibrated spectral 
data for as large a range of stellar types, luminosities and 
metallicities as possible, and to do this at a resolution 
substantially better than previous scanner work (Spinrad and Taylor 
1971, O'Connell 1976b, 1980, Gunn and Stryker 1983). The stellar 
synthesis standard stars observed have been selected to cover i) a 
complete normal solar abundance sequence of all spectral types and 
luminosity classes, ii) a metal-rich sequence of G-K giants and some 
dwarf and subgiant stars, and iii) a metal-weak sequence of G-K giants 
and horizontal branch group stars. The solar abundance stars have been 
selected mainly from Cousins UBVRI standards (Cousins 1980), with very 
red dwarfs being selected from Eggen (1979) and red giants from Wing 
(1978). The metal-rich sequence has been selected from a) the 
metal-rich moving group HR1614 (Eggen 1978), b) Janes and McClure's 
(1971) list of strong cyanogen stars and c) known SMR stars from 
Spinrad and Taylor (1969). The metal-weak sequence is comprised of 
observations of the nuclei of several globular clusters, together with 
observations of individual blue horizontal branch and red giant stars 
in NGC288 (Cannon 1974) and NGC4590 (Harris 1975). Most of the stars 
observed here are solar neighbourhood stars; observations of 
metal-rich K and M giants in the bulge of our galaxy (Whitford and 
Rich 1983) are now possible, and are currently planned.
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•i’he spectral resolution obtained is 15 A in the optical region 
(0.36-0.85 micron) observed with the PCA, 17 A in the near infra-red 
region (0.7-0.9 micron) observed with the IDS, and 10 A for 3ome 
recent near infra-red spectra (0.8-1.0 micron) obtained with the RGO 
spectrograph and RGO CCD detector combination on the AAT. In all cases 
the spectral sampling resolution is much higher than this, varying 
from 1.5 A to 4 A, and resulting in detailed information on a large 
number of relatively weak spectral features. The near infra-red data 
on the important luminosity dependant features of Na I (8183, 8195 A) 
and Ca TI (8498, 8542, 8662 A, see Cohen 1978) are particularly good 
for the late-type stars observed in this region. This data is crucial 
to determining the ratio of M dwarfs to M giants contributing to the 
galactic near infra-rod flux.
The stellar observations are described in section 2.2, and their 
reduction, calibration to absolute flux and merging into single 
combined spectra described in sections 2.3 to 2.5 respectively. 
Details of the stars observed and example spectra are given in section 
2.6. Colour and magnitude calculations from the flux calibrated 
spectra are described in section 2.7, and these values are compared 
with standard values in section 2.8. The conclusions of this chapter 
are given in section 2.9.
2.2 OBSERVATIONS
Table 2-1 summarises the relevant parameters of the different 
observations which have been combined to form the stellar flux 
library.
2.2.1 Optical Observations - MSO 1.9m Telescope with PCA
Most of the optical observations (0.36 - 0.85 micron) were obtained 
between July 1980 and December 1982 with the one dimensional photon 
counting array ( 1DPCA, Stapinski et. al. 1.979) mounted on the Boiler 
and ChIvons spectrograph at the f/7.6 Cassegrain focus of the MSO 1.9m 
telescope. The 1DPCA is a two-channel intensified reticon array 
device, with photon pulse identification and centreing logic, enabling
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simultaneous observation of star and sky spectra. All spectra were 
observed with two rectangular apertures of 5x7 arcsec seperated by 150 
arcsec. A 300 1/mm grating blazed at 5000 A was used in first order to 
give reciprocal dispersion of 315 A/mm (taking intensifier tube 
minification into account). The pixel sampling resolution thus 
obtained is 3.3 A, with a projected slit resolution of 15 A. Early 
observations were made with a 'short' reticon array of 512 diodes 
(1024 data pixels after event centreing) giving 3000 A of spectral 
coverage. Spectra were then obtained at two grating settings giving 
coverage from 3600 - 6600 A and from 5600 - 8600 A. Later 
observations were made with a 'long' reticon array of 1024 diodes 
(2048 pixels) giving an unvignettod spectral coverage of 4100 A. 
Spectra were then obtained at one grating setting only, giving 
coverage from 3600 - 7700 A. The 1DPCA 6-stack electrostatic 
intensifier chain has an S20 photocathode, whose blue response is 
degraded somewhat by the optical fibre coupling to the primary 
photocathode. Counts are therefore low shortward of 3800 A, and become 
quite noisy in the red longwards of 8200 A due to low photocathode 
response.
Sky observations were important for faint stars only, as bright stars 
were observed through 5 or 6 magnitudes of neutral density filter 
(glass absorbing or reflective) attached behind the spectrograph slit. 
Sky spectra were subtracted from the stellar spectra after flat 
fielding and wavelength calibration. Stars were generally observed in 
one channel only, that with the best response. Occasional observations 
of bright stars were made in the other channel (at lower observed 
count rates) to check the coincidence correction procedures used (see 
data reduction). Flux standards were observed in each channel and 
seperate flux calibration curves were derived for each channel for 
each observational run.
The 1DPCA suffers from substantial pincushion distortion due to the 
electrostatic tube intensifier stack. On some observing runs this 
caused a problem of red light loss due to the red part ( > 7600 A ) of 
the spectra not falling completely on the diode array. Further red 
spectra were therefore obtained early in 1983 with the two dimensional 
PCA (2DPCA, Stapinski et. al. 1981) attached to the f/7.6 cassegraxn
2-4
focus of the MSO 1.9m telescope. This device achieves intensification 
through a chevron microchannel plate in series with one electrostatic 
tube, and is practically distortion free. The device images onto a 
CCD, enabling photon pulse location in 2D. The reciprocal dispersion 
with this instrument (no tube minification) is 220 A/mm, with the same 
pixel sampling and projected slit resolutions as above. Spectra in 
the wavelength range 5800 - 8000 A were obtained with this instrument 
for several late dwarf stars.
Helium and Neon arcs were observed through a narrow slit 3 or 4 times 
during each night, to provide wavelength calibrations and to check the 
positional stability of the instrument. Flat-field observations of a 
white light illuminating the dome walls were taken frequently during 
each run at different count rates. These flat-field exposures were 
used to remove coherent instrumental pixel to pixel gain variations, 
and to check the coincidence corrections.
2.2.2 Near Infra-red Spectra - AAT with IDS and CCD
Near infra-red spectra (0.7 - 1.0 microns - NIR) of selected late-type 
stars were observed with two instrument/detector combinations on the 
AAT, during twilight before and after galaxy observing runs. The red 
IDS (Robinson and Waiapler 1072) was used with the Boiler and Chivens 
spectrograph at the f/15 Cassegrain focus of the AAT on one night in 
December 1981. The observing apertures were two circles of 6 arcsec 
diameter seperated by 40 arcsec. The IDS sweeps are 12 arcsec wide on 
this instrument, but some problems with light loss due to rotation of 
the spectra with changing magnetic field were experienced when 
observing very northerly stars. An 830 1/mm grating blazed at 8100 A 
was used in first order to obtain spectra in the (useful) wavelength 
range 0.7 - 0.9 microns, at a reciprocal dispersion of 150 A/mm. The 
pixel sampling resolution of this instrument/detector combination was 
1.5 A, with a projected aperture resolution of 17 A. Bright stars 
were observed through a 2.5 magnitude neutral density reflecting 
filter, and the primary mirror was stopped down for very bright stars. 
Neon arcs were taken at the start and end of the night for wavelength 
calibration. A flat field observation of a tungsten lamp on the dome 
wall was also taken for the removal of coherent instrumental
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pxxel-to-pixel gain variations. The standard IDS observational 
procedure of observing with the star alternately in each channel was 
adopted, with each channel being reduced seperately before averaging.
Further NTR spectra of selected stars were obtained with the RGO 
spectrograph and RGO CCD (Jorden et al 1982) attached to the f/8 
Cassegrain focus of the AAT on two nights in November 1982. These 
spectra were obtained during twilight on a seperate observing run 
undertaken in collaboration with Drs. D. Carter and N. Visvanathan, 
and are used here to extend and complement the stellar flux library 
data. A 270 1/mm grating blazed at 7600 A was used in first order to 
give a reciprocal dispersion of 130 A/mm and wavelength coverage from 
0.8 - 1.0 micron. The pixel sampling resolution is 4 A and the 
projected slit (2.1 arcsec) resolution is 10 A. Argon arc 
observations were made for wavelength calibration, and flat-field 
observations of a bright tungsten lamp illuminating the closed primary 
(painted white) were taken at least 3 times a night whilst the 
telescope was parked to fill the dewar. Flat-fields are particularly 
important for the CCD spectra to remove fringing effects. Bias frames 
were also taken frequently during the observing run.
2.3 DATA REDUCTION
All data were reduced on the MSO VAX 11/780, using the PANDORA 2D data 
reduction system.
2.3.1 1DPCA Reductions
All 1DPCA data frames (2 rows of either 1024 or 2048 pixels) were 
initially divided by a summed and baseline divided flat-field frame 
appropriate to the observing run. The flat-field division removes 
coherent instrumental pixel-to-pixel noise in the data. The 
flat-field frames were baseline divided to remove the gross vigneting 
profile produced in the intensifier tube, and regions of low intrinsic 
counts ( < 1000 ) at each end set to unity before dividing through the 
data frames. This ensures that the stellar data frames retain their 
observed photon count characteristics prior to flux calibration, and
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that regions of low intrinsic counts are not made more noisy by 
division by a noisy flat-field. Tests conducted by dividing repeated 
flat-field observations by each other show that residual noise in the 
flat-fielded spectra varies from 1.2 P to 2.5 P where P is the noise 
expected due to photon counting statistics alone. There is another 
noise source in some 1DPCA data, which manifests itself in fourier 
transforms a3 a power spike at a cyclic frequency of 4 pixels. This 
problem is inherent to the diode array manufacturing process and 
occurs in the data occasionally if the photon pul3e discriminator 
threshold slips below the diode readout noise level as a consequence 
of temperature variations. This effect is largely removed in the 
flat-fielding process, but accounts for residual noise in some 
spectra. Since this effect is at a higher frequency than any real 
signal at this resolution, it can be satisfactorily removed in the 
final spectra by fourier filtering (Brault and White 1971) away 
frequencies higher than a limit set by the projected slit resolution.
The 1DPCA operates well as a true photon counter at count rates in the 
range 0 to 1 Hz (per resolved pixel, ie. 0 to 2 Hz per diode). The 
device uses a technique known as frame subtraction to avoid 
overcounting single photon events, which would otherwise be multiply 
counted as a consequence of residual phosphor glow. At fast rates 
however, the device misses some events which occur too close (in time 
and position) to a previous event, and are rendered too weak as a 
consequence of previous frame subtraction to register above the 
instrumental threshold. The behaviour of the 1DPCA device has been 
modelled by a computer simulation of the complete instrument and 
properly distributed photon arrival characteristics. This simulation 
(see appendix) is used to determine the functional form of the photon 
loss rate (here termed coincidence correction) as a function of input 
rate, and to determine the loss of precision suffered as a consequence 
of using corrected spectra measured at count rates greater than 1 Hz. 
It is shown (in the appendix) that the coincidence correction is well 
fitted by a function of only one free parameter, which can be easily 
fitted to real observational data (mainly flat-field observations)
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taken at different input rates. After flat fielding, all data frames 
were coincidence corrected according to the formula :
R. = R - aR 2 + aR 3 t o o  o
where R is the observed rate in photons/pixel/sec, Rt is the trueo c
rate and the single unknown constant a has been determined empirically 
to be 0.0035. The true rate thus equals the observed rate to high 
accuracy in the range 0 - 1 Hz. Checks on the validity of this 
procedure were made by correcting and comparing flat field
observations made at different count rates, and by comparing real 
stellar observations (continuum and line profiles) observed in both 
PCA channels at different count rates. The accuracy of the coincidence 
correction procedure is good, with both continuum and line 
characteristics for corrected spectra taken at high count rates being 
virtually indistinguishable from spectra of the same stars taken at 
low count rates (see appendix). Stars were generally observed at count 
rates of 3 Hz or less (2 % correction), but some stars were observed 
at count rates up to 10 Hz (30 % correction) due to the difficulty and 
waste of time incurred by changing filters. Unfiltered stars of V 
magnitude 13.5 produced count rates of 1 photon/A/sec (3 Hz per pixel) 
at 5400 A with the 1DPCA on the MSO 1.9m telescope.
The helium arcs observed 3 or 4 times a night showed the system 
positional stability to be better than 1 pixel, and were used to form 
a wavelength calibration. A fifth order polynomial was fitted to each 
spectral row of each arc map, and the fits averaged through 
observations, but not rows. The data frames were rebinned to equal 
wavelength (3A) increments for each row seperately to enable sky 
subtraction if important, and to align all observations.
2.3.2 IDS Reductions
All IDS data frames (2 rows of 2048 pixels) were divided by a single 
baseline divided flat-field frame taken at the start of the night. The 
flat-field division removes practically all the noise from the spectra 
and, since spectra of bright star3 can be recorded quickly at quite 
high count rates, the red IDS spectra are particularly clean and
2-8
noise free. A fifth order polynomial wa3 fitted to each neon arc row 
and the data rebinned to equal wavelength increments, for each channel 
seperately, prior to sky subtraction. Arcs were taken at the ends of 
the night only, with the telescope at the zenith, but information on 
instrumental drift during the night comes from the strong atmospheric
00 ’A' band (7600 A). This band region was correlated for all data 
frames against a selected template frame, and shifts of 1 to 5 A 
removed by tapered sine function interpolation of the spectra.
2.3.3 CCD Reductions
The initial CCD data reduction was performed by Dr. D Carter. CCD 
frames were initially bias subtracted, where bias frames were taken 
every few hours. The data were then flat-fielded and rebinned to 
equal wavelength increments for each row separately, although the 
wavelength calibration is practically constant along the slit for this 
device. The row resolution (along the slit) of the CCD data is
1 arcsec, and typically 8-10 data rows were summed for each stellar 
observation to make a single row spectrum for each star. Sky was 
averaged over 100 data rows away from the stellar spectrum, and 
subtracted off. Atmospheric standards (cool white dwarfs, metal-weak 
subdwarfs and G giants) were observed frequently, and all spectra were 
divided through by the nearest (in time and position) such standard 
spectrum. The stellar line regions of these standards were first set 
to unity so that only atmospheric features were removed by this 
process.
2.4 FLUX CALIBRATION
Calibration to absolute flux was achieved by observing several flux 
standard stars each night; in both data channels for the 1DPCA and 
IDS, and at several slit positions for the CCD data. The standards 
used were selected from the lists of Breger (1976b) for bright star 
observations (with filters); and Oke (1974), Stone (1977), Stone and 
Baldwin (1981) and Oke and Gunn (1983) for faint stars (no filter). 
The Oke (1974) standard fluxes have been corrected to the absolute 
calibration of Alpha-Lyrae of Hayes and Latham (1975), which is the 
fundamental standard on which all fluxes here are based. The Vilnius
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calibration of HD122563 (Ba/rtkevicius and Sviderskiene 1981)) was also 
used when this star was observed. The standard stars used in the data 
reduction are summarised in table 2-2. The approach adopted was to 
observe as many standards as were available on any given night, rather 
than try to establish better precision on relatively few standards. 
Thi3 has the advantage of providing a useful external check on the 
accuracy of the flux calibration, for a variety of observed spectral 
types.
For each observing run, a smooth flux calibration curve relating
observed magnitude (corrected to outside the earth's atmosphere) to
standard magnitude was formed for each standard, and for each data
channel. For the CCD data, faint flux standards were observed with the
star stationary on the slit. Brighter standards were trailed up and
down the slit during the exposure to check the response across the
CCD. The CCD response was found to be quite uniform along the slit and
a single calibration curve was derived for each standard observed.
For each observing run, the flux calibration curves were intercompared
to deduce a photometric error appropriate to that run. This is
indicated in magnitudes in the last column of table 2-2. Values in
parentheses refer to repeated observations of a single star (at
different airmasses), and hence describe purely internal photometric
repetition and extinction curve validity. The photometric error is
formed by taking the linear regression of each curve in turn on the
average curve, and calculating the pixel to pixel standard deviation
of each curve on the average (S in magnitudes). Hie average curvey, x
is formed by weighting the individual curves according to their 
observed counts. Values of the photometric error greater than 0.04 
mag indicate calibrational problems restricted to a few hundred 
Angstrom at one end (blue or red) of the PCA data. These regions have 
not been included in the final combined synthesis standard spectra 
flux library.
Extinction calculations for the flux calibration curves and subsequent 
conversion of the data frames to absolute flux F(X ) (Flux per unit 
wavelength at wavelength X ) follow the formulae of Hayes and Latham 
(1975). Extinction calculations included terms for Rayleigh
scattering, aerosol and ozone absorption, but did not include terms
b
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lor atmospheric water or oxygen absorption. These atmospheric 
absorption bands (H„0: 7200 A, 8200 A; 0o: 6870 A, 7600 A) were
removed from the final spectra by dividing these regions by an 
absorption mask derived from averaged observations of early type stars 
(see below). The adopted extinction values for Mount Stromlo and 
Siding Spring observatories are tabulated in table 2-3. Most stars 
and all flux standards were observed at airmasses less than 1.5.
For the 1DPCA and IDS data, the data were initially converted to 
absolute flux (F(X) vs. X) before removal of atmospheric absorption 
features. This process is reversed in the CCD data reduction, but the 
order is quite irrelevant. For the 1DPCA and IDS data, an atmospheric 
divisor was formed by averaging observations of a flux standard or A0 
star, dividing this by a baseline fitted away from all spectral and 
atmospheric features, and then replacing the non-atmospheric line 
regions by unity. The PCA and IDS data both had slight bumps (of the 
order of a few percent over several hundred angstrom) in the spectra 
after flux calibration. This is due to the fact that the detector 
response is itself bumpy, whereas the flux calibration curve is 
constrained to be quite smooth. Since flat-field frames were 
generally observed at several grating positions to maximise counts in 
all pixels, these frames can not be used to remove this effect, and 
are deliberately baseline divided to remove spurious bumps due to 
different grating positions. The remaining bumps in the spectra were 
removed at this stage by forcing flux standard stars to be smooth 
between flux calibration points, and applying the same correction to 
all data frames. The CCD and 2DPCA data calibration to absolute flux 
was noticeably free from such difficulties.
2.5 COMBINING OF SPECTRA FROM DIFFERENT WAVELENGTH REGIONS
For each star observed, all the contributing spectra have been 
combined into a single stellar spectrum. The combining process was 
done seperately for the optical (0.36 - 0.85 micron) and NIR 
(0.7 - 1.0 micron) spectra, and these then combined into one complete 
spectrum for those stars with NIR observations. The spectral 
combination was done interactively by rebinning all contributing 
spectra to a fixed output grid of pixel size 3 A starting at 3600 A.
Table 2-3 Ad opted Extinction Values for Mount Stromlo 
and Siding Spring Observatories
Wave length 
(Ang strom)
Extinction (magnitudes per airmass) 
MSO SSG
ht = 770 m ht = 1100 m
3320. 0 0. 941 0. 885
3400. 0 0. 842 0. 789
3480.0 0. 766 0. 716
3560. 0 0. 703 0. 656
3640. 0 0. 648 0. 604
3720. 0 0. 600 0. 558
3800. 0 0. 557 0. 517
3880. 0 0. 518 0. 480
3960. 0 0. 483 0. 446
4040. 0 0. 452 0. 416
4200. 0 0. 397 0. 365
4280. 0 0. 374 0. 343
4440. 0 0. 333 0. 304
4600.0 0. 300 0. 273
4760. 0 0. 273 0. 247
5000. 0 0. 242 0. 218
5240. 0 0. 222 0. 200
5400. 0 0. 213 0. 192
5480. 0 0. 210 0. 189
5560.0 0. 207 0. 186
5800. 0 0. 196 0. 177
6040. 0 0. 181 0. 163
6360. 0 0. 154 0. 137
6680. 0 0. 128 0. 112
6840. 0 0. 118 0. 102
7160. 0 0. 103 0. 088
7480. 0 0. 094 0. 080
7800. 0 0. 087 0. 074
8120. 0 0. 081 0. 069
8440. 0 0. 077 0. 064
8760. 0 0. 073 0. 061
9240. 0 0. 067 0. 056
9560. 0 0. 064 0. 053
9880. 0 0. 062 0. 051
10040.0 0. 060 0. 050
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User interaction was used to determine which regions of each 
contributing spectrum were combined into the resultant stellar 
spectrum, and weighting was based on the observed counts in each raw 
observation. The combination of optical and NIR spectra was achieved 
by first re-normalising the combined NIR spectra to the value of the 
corresponding optical spectra, calculated over the wavelength range 
0.80 - 0.83 micron.
A coarse indication of the internal photometric precision is given in 
columns 4 and 5 of tables 2-4, for the optical and NIR spectral 
combinations respectively. These errors (in magnitudes) are derived by 
averaging the pixel-to-pixel standard deviations for overlapping and 
repeated spectral regions during the combining process. For the 1DPCA 
data this error can be dominated by the previously mentioned 4 channel 
pixel-to-pixel noise effect when this is significant; the 4 channel 
noise is almost entirely removed in the final filtering process. The 
magnitude errors quoted in column 4 of tables 2-4 therefore
substantially underestimate the accuracy of the photometric 
repetition, which is about 0.03 mag for spectra which are filtered 
prior to combining. To retain the full observed resolution it is 
preferable however to filter only the final synthesis standard 
spectra, rather than each contributing observation.
2.6 SYNTHESIS PROGRAM STARS
The stars observed to derive synthesis standard spectra are tabulated 
in table 2-4 (a-e) for flux standard (a), solar abundance (b),
metal-rich (c), metal-weak (d) and red stars (e) respectively. The 
total exposure time for each observation is given in seconds for each 
wavelength region (in microns), with the frequency of observation in 
parentheses. The source for each star (column 11) is Cousins (1980) 
unless indicated otherwise.
Final combined, flux calibrated spectra of selected stars are shown in 
figures 2.1 (a to f). The ordinate in all these spectra is F( X ) with 
each spectrum being normalised to 100 in the wavelength range 
6000 - 6200 A. These spectra show the wavelength coverage (from 0.36
IT)
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to 1.0 micron in most cases) and resolution (15 A) achieved. The 
prominent features of three dwarf stars are shown in figures 2.1 a) 
for an AO V star HD123177 (no NIR observations, this spectrum is wrong 
bluewards of 3800 A); b) for a K3 V star HR1614 (the defining member 
of the metal-rich HR1614 moving group, Eggen 1978) and c) for an Ml V 
Star HD36395.
Figures 2.1 (d-f) show the variation of line strengths encompassed by 
the observations for three K giant star3. Figure 2.1 d) shows a 
metal-weak K III star HD122563 ( [Fe/H] = -2.7, Sneden and 
Partharasarathy 1983) with very weak Mgb and NaD lines; no NIR 
observations have yet been obtained for any of the metal-weak stars. 
Figures 2.1 e,f) show respectively a normal K4 III star HD221777, and 
a metal-rich K3 III star HD221148 which is a member of the HR1614 
moving group, and identified as Super Metal Rich (SMR) by Spinrad and 
Taylor (1969).
The last three spectra clearly show the increasing strength of the 
neutral Mgb and NaD lines with increasing metallicity. HD221148 is 
somewhat hotter than HD221777, as is evidenced by the colour 
difference, and the weak Til,VI blend at 6260 A in the SMR spectrum. 
The VI line strengths increase rapidly with decreasing temperature. 
The temperature difference is also primarily responsible for the 
slightly weaker Ca II features (both in the blue and NIR) for the SMR 
star compared with HD221777. It is noticeable that the luminosity 
dependent (strong in late dwarfs) Na I feature at 8190 A is stronger 
in the SMR spectrum. This fact unfortunately reduces to some extent 
the clear luminosity seperation criterion which this feature provides 
in composite spectra.
2.7 COLOUR AND MAGNITUDE CALCULATIONS FROM THE FLUX 
CALIBRATED SPECTRA
Many of the stars observed with the PCA in the optical region 
(0.36 - 0.85 micron) are Cousins (1980) standards. The photometric 
precision of these observations can therefore be directly checked by 
comparison of the colours and magnitudes calculated from the flux 
calibrated spectra, with the standard values. This section describes 
the definition of suitable filter transmission profiles,
figures 2.1 (a-c)
Representative combined stellar spectra for a) an AO V star 
HD123177 (no near infra-red observations, the flux is wrong 
bluoward of 3800 A); b) a K3 V star HR1814 (the defining
member of tbe HR1614 moving group) and c) an Ml V star 
HD3H395. The ordinate is F( X ) (Flux per unit wavelength at 
wavelength X) normalised to 100 in the wavelength range 
6000—6200 A. Prominent features are indicated in the 
figures.
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figures 2.1 (d-f)
Further representative combined stellar spectra for d) a 
metal-weak K III star, HD122563 (no near infra-red 
observations); e) a normal K4 III star HD221777 and f) a 
metal-rich K3 III star HD221148. The range of line strengths 
encompassed by the observations is evident.
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spectrophotometric computations of colours and magnitudes on these 
systems, and their calibration on the Vilnius standard spectra 
(Straizys and Sviderskiene 1972 - hereafter StSv), corrected to the 
Hayes and Latham (1975) calibration of Vega.
2.7.1 Cousins Standard UBVRI and Truncated B38,V,R82,182 Filter 
Transmission Profiles
All the combined, flux calibrated stellar spectra have been 
3pectrophotometered on the computer in the broad-band UBVRI system. 
The spectrophotometric filter profiles used in the computer reduction 
have been taken from Buser (1978 - see also Azusienis and Straizys, 
1969) for the U3,B2,B3 and V filters, and from Bessell (1979) for the 
R and I filters. The adopted system therefore corresponds to the 
Johnson colour system (Blanco et al 1968) for UBV, and to that of Kron 
and Cousins (Cousins 1980 and references therein) for VRI. The 
standard filter profiles are shown in figure 2.2a, overlaid on a G9 
III star (HD218103) and are all normalised to unity at peak 
transmission.
Since the PCA observational quality drops blueward of 3800 A and 
redward of 8200 A, a truncated filter set called B38,V,R82,182 has 
also been formed. The B38 filter is the B3 filter truncated at 3800 A 
in the blue; the R82 and 182 filters are the R and I filters 
respectively, truncated at 8250 A in the red. The truncated filter set 
is shown in figure 2.2b, overlaid on a G9 V star (HD210277).
2.7.2 Spectrophotometric Calibration on the Corrected Vilnius Standard 
Spectra (StSv)
For each filter, a magnitude can easily be computed by convolving the 
stellar flux calibrated spectrum with a filter response curve 
interpolated onto the same wavelength grid, and performing the 
calculation indicated in table 2-6. The B2 filter is the result of 
convolving the B3 filter with the earth's atmospheric transmission 
function, and both B filter definitions are necessary in the 
spectrophotometric colour calculations to optimally match the standard 
Johnson UBV colours. The (U-B) colour is best reproduced by the 
computed colour (U3-B2), and the (B-V) colour by the computed colour 
(B3-V) (see Buser (1978) for a detailed description of this). The
figures 2.2 (a,b)
a) The U3, B3, B2, V, R and I filter transmission profiles 
overlaid on a G9 III star HD218103; b) the truncated B38, V, 
R82, 182 filter transmission profiles overlaid on a G9 V
star HD210277.
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tnagnitude zero points for the U3, B3, B2, V, R, I filters given in 
table 2-6 have been derived by calculating the colours of the 
corrected StSv spectra on this system, and adjusting the magnitude 
zero points so as to best fit these calculated colours to the 
normalised synthetic colours of the StSv spectra. The StSv standard 
spectral types and normalised synthetic colours taken from Buser 
(1078) for UBV and from Cousins (1981) for VRI are listed in the first 
6 columns of table 2-5. The StSv standard spectra are tabulated as 
F( X ) versus wavelength on a 50 A grid, and are based on the Mihala3 
(1066) model stellar atmosphere for an AO V star of theta = 0.525 and 
Log g = 4. They have been corrected here to the Hayes and Latham
(1075) calibration of Vega by applying a correction curve derived by 
comparing these two calibrations.
For the truncated B38,V,R82,182 filter system, the magnitude 
calculations use the same magnitude zero point values as derived for 
the standard IF3,B2,VRI system and listed in table 2-6. The
instrumental colours of the StSv spectra derived on the truncated 
system have been calibrated against the normalised synthetic colours. 
The slope and zero terms obtained for these calibrations are listed in 
table 2-6. The slope and zero terms in the colour calculations are 
naturally 1.0 and 0.0 respectively for the standard filter system, 
since these profiles adequately describe the response curves of the 
detector/filter combination used in actual stellar photometry.
Non-standard slope and zero terms in the colour calculations can be 
easily formed for any filter system which resembles the standard 
system; the accuracy of thi3 procedure clearly depending on the extent 
to which the adopted system deviates from the standard system.
The computed colours of the corrected StSv spectra calculated on the 
two filter systems used here are listed in columns 7 to 10 and 11 to 
13 respectively of table 2-5, and regressions of these calculated 
colours on the appropriate normalised synthetic colours are given at 
the bottom of this table.
In the colour regressions tabulated in table 2-5, S describes theY/X
standard deviation of the dependent variable on the independent, about 
the line of best fit. Sy-x denotes the standard deviation about a line
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of slope unity, and <y-x> the mean difference which is very close to 
zero.
The computed colours on the standard system are seen to be a very good
fit to the normalised synthetic colours, with errors about the lines
of best fit of S ~ 0.01 mag, and about the lines of slope unity ofy, x
=0.02 mag or less. The colours computed on the truncated system 
are also a very good fit to the normalised synthetic values, with only 
very slight deviations away from the colours computed on the standard 
system for very red stars. The truncated B38,V,R82,182 system 
therefore represents an excellent system for checking the photometric 
precision of the observations within the wavelength region well 
measured by the PCA.
It is noticeable in table 2-5 that there is less than perfect 
correspondence between the synthetic (B-V) colour indices given by 
Cousins (1981) and Buser (1978) for very red (B-V > 1.4) standard 
spectral types; the Cousins synthetic colours being systematically 
redder. The tabulated response curve for V on the Cousins system 
(Cousins 1980) is slightly different from that calculated for the 
Johnson system (Azusienis and Straizys 1969) and used here. It is 
therefore unlikely that a single calibration between computed 
(synthetic instrumental) and standard (B-V) colours will fit over the 
full colour range, and this would appear to be the explanation of 
these differences in table 2-5.
2.8 COMPARISON OF CALCULATED COLOURS AND MAGNITUDES WITH 
STANDARD VALUES
Since many observed stars (all the solar abundance sequence) are
Cousins photometric standards, these provide an excellent external
check on the photometric accuracy of the present work. The Cousins
(V-R) colour is particularly important here, as it is used as thec
primary discriminant for sorting stars into synthesis standard 
spectral type groups (chapter 3). This section compares colours and 
magnitudes calculated on the truncated B38,V,R82,182 system from the 
optical (0.36 - 0.85 micron) flux calibrated PCA spectra with standard 
values, and highlights the photometric precision of the observations.
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2.8.1 Spectrophotometrically Determined Colours
The computed colours (B38-V, V-R82, R82-I82) of the combined PCA flux 
calibrated stellar spectra are shown plotted in figures 2.3 (a-c) 
against the standard colours, taken mainly from Cousins (1980). The 
lines drawn denote the loci of equality between the indices. Open 
points in figures 2.3 a,c have residuals > 0.15 mag and have been 
excluded from the regressions tabulated in table 2-7. For these 
observations there is invariably some slight but obvious problem at 
either the blue or red end of the spectrum, causing their large 
residuals. These spectral regions have been excluded for these stars 
from the later combinations into spectral synthesis standard groups 
and do not therefore contribute to the photometric error of the final 
synthesis standard spectra (chapter 3). This situation is particularly 
noticeable in (R-I), where previously mentioned red light losses 
beyond 7600 A in the PCA data disturb this colour. For all stellar 
types which are important at these wavelengths, IDS or CCD spectra 
have been obtained which replace the PCA data.
Figure 2.3a shows the fit of the spectrophotometrically calculated 
(B38-V) colours against Cousins (B-V) colours. The fit is good over 
the full colour range from (B-V) =-0.2 to (B-V) = 1.8. The standard 
deviation about the line of slope unity is ^ = 0.046 mag, which is 
only slightly higher than that about the line of best fit 
(S ^ = 0.037 mag), and indicates that the line of slope unity is a 
good fit to the data.
Figure 2.3b shows the fit of calculated (V-R82) colours against 
Cousins (V—R) colour. Two regressions are tabulated for this fit in 
table 2-7. The first is for all stars plotted, and the second excludes 
observations which are somewhat uncertain in the red. These uncertain 
observations do not contribute to the synthesis standard spectra 
(chapter 3) at these wavelengths, and hence the errors derived from 
this second regression are those appropriate to the final 
spectrophotometric precision. The standard deviation about the line 
of best fit is low, 0.042 mag, and equal to that about the line of 
slope unity. 'Phis standard deviation compares very favourably with 
the error of 0.016 mag expected from the colour calibration (table
figures 2.3 (a-c)
The spectrophotometrically determined trx-incated PCA. colours 
plotted against Cousins standard colours for a) B38-V; 
b) V-R82 and c) R82-I82. The lines of slope unity represent 
the loci of equality between observed and standard colours. 
The fit is good, with small scatter apart from some poor 
observations (open circles) described in the text.
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2-5). The mean difference of -0.017 mag is small, but indicative that 
a small calibrational zero point shift may still exist between the 
corrected Vilnius (StSv) spectra (on which the colours have been 
calibrated) and the present data (based on the Hayes and Latham 1975 
calibration of Vega). This mean difference is small however compared 
with either the standard deviation of the fit or the colour range of 
stars contributing to any one Flux library standard group, and has no 
bearing on the later synthesis.
The fit for the colour (R-I) (excluding observations with poorly 
observed red spectra) shown in figure 2.3c has a standard deviation of 
only 0.06 mag and the mean difference <y-x> is very small.
2.8.2 Spectrophotometrically Determined Magnitudes
The spectrophotometrically determined magnitudes (V or R82 as 
appropriate) of the individual PCA observations are shown plotted in 
figures 2.4 a,b against the standard magnitudes, again taken mainly 
from Cousins (1980). The figures show a scatter of 0.3 mag about the 
straight line of slope unity drawn in each figure. The formal 
regression slopes for the magnitude fits are not unity, but the two 
standard deviations for each fit are essentially the same, indicating 
that the line of s^ .ope unity is a good fit to the data. The sources 
of scatter in the magnitude regressions are primarily the small 
observing aperture (5x7 arcsec) compared with typical seeing of 2 - 3 
arcsec at MS0. Observations were also continued despite the presence 
of thin grey cirrus on some nights. The scatter in the absolute flux 
calibration of the spectra is of no importance to the present work. 
All that matters is the relative calibration as a function of 
wavelength, and the fact that the system performs linearly (after 
coincidence correction) over a range of 5 magnitudes as is evidenced 
here by the linear regressions given in table 2-8. Thi3 range of 
magnitudes (and photon count rates) is equivalent to that covered by 
the galaxy observations (no filters used) and indicates that the same 
degree of accuracy can be expected here, although there is less data 
with which to perform external checks for these observations (see 
chapter 4).
figures 2.4 (a,b) . 1  >.
The spectrophotometrically determined V and R82 magnitudes 
plotted against a) standard V magnitudes and b) standard R 
magnitudes. The lines drawn represent the loci of equality 
between observed and standard magnitudes. The scatter is 
large due primarily to the small aperture (5x7 arcsec) used, 
but the fit is linear over 5 magnitudes.
•  •  •
•  •  •  3
*— <------------------------------------------------- i  «________________________________ I_______________________________
5 6 7 8 9 10
Standard Magni tudes
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2.9 CONCLUSIONS
This chapter presents and describes the results of a major 
observational project to derive flux calibrated spectra of stars 
covering a large range of spectral types, luminosities and 
metallicities. The stellar data have been observed primarily on the 
MSO 1.9m telescope with the one dimensional photon counting array 
developped at this observatory. Whilst not without calibrational 
difficulties, this instrument ha3 shown itself capable of producing 
spectra of accuracy close to the optimal photon counting limit. 
Optical spectra (0.36 - 0.8 micron) have been obtained of almost 200 
stars and globular cluster nuclei, at a resolution of 15 A and to a 
photometric precision of 3 - 4  percent. These optical spectra have 
been combined with the near infra-red (0.7 - 1.0 micron) spectra 
obtained for red stars with the AAT to provide the observational basis 
for the synthesis standard spectra described in chapter 3, and used in 
the following chapters to perform empirical population synthesis. As 
far as the author is aware, these observations represent the best 
currently available data base of standard spectra at this resolution 
(15 A), sampling frequency (3 A) and wavelength coverage (0.36 - 1.0 
micron).
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CHAPTER 3
SYNTHESIS STANDARD AND COMPOSITE ISOCHRONE FLUX LIBRARIES 
3.1 INTRODUCTION
The stellar spectra described in chapter 2 have been sorted and 
grouped together to form synthesis standard spectra (hereafter 
referred to as SSS) for selected standard spectral types. These 
synthesis standard spectra are used in the galaxy spectral synthesis 
described in the following chapters. They cover a complete range of 
dwarf, subgiant and giant spectral types of solar abundance 
composition, metal-rich and metal-weak sequences of G~K giant stars, 
and horizontal branch group stars. The Cousins (V-R)^ colour index has 
been used as the primary discriminant for sorting stellar observations 
into SSS, with the (B-V) colour index playing a subsidiary role in 
some cases. The SSS groups, group membership, spectral plots, colours 
and variation with colour of prominent SSS line indices are described 
in section 3.2.
The galaxy spectral synthesis described in the following chapters 
utilises two complementary methods. The first, EMPIRICAL POPULATION 
synthesis, uses the SSS directly as a basis for the deconvolution of 
the galaxy spectra into light fractions due to specified spectral 
types and luminosities. The second, EVOLUTIONARY SYNTHESIS, utilises 
Composite Isochrone Spectra (hereafter CIS) as a basis. Each CIS 
represents the composite spectrum due to light from stars of a single 
epoch of star formation with specified age, metallicity and slope of 
the initial mass function (IMF - assumed power law), and is formed by 
summing the SSS in the proportions determined by binning (in Log Te) 
the stellar numbers of appropriate Isochrone tabulations. The 
Isochrone (time-line) tabulations have been interpolated from the new 
Yale Isochrone tabulations (Green et al 1983) for a grid of selected 
ages, metallicitie3 and IMF slopes. The isochrone parameter selection 
and determination of SSS group ratios appropriate to each CIS are 
described in section 3.3. The conclusions of this chapter are 
presented in section 3.4.
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3.2 SYNTHESIS STANDARD SPECTRA - SSS
The combined, flux calibrated spectra of ~200 stars described in 
chapter 2 have been grouped together to form 48 SSS groups, which 
provide a good basis for the deconvolution of galactic composite 
spectra into standard spectral types. The spectral types and 
luminosity classes of each SSS group are listed in table 3-1, together 
with their stellar contributors. Plots of all the SSS are given in 
figures 3.1 (a - p). The adopted group absolute visual magnitudes are 
plotted against their calculated (V-R) colours in figure 3.2. The 
calculated group colours and adopted 'standard' parameters are listed 
in table 3-2a, and an approximate metallicity calibration for the G-K 
giants given in table 3-2b. The variation with colour of prominent 
SSS line indices are plotted in figures 3.3 (a - h). These tables and 
figures are now described in turn.
3.2.1 SSS - Group membership and Spectral Combination
The spectral types and luminosity classes of each of the final 48 SSS 
groups are listed in table 3-1, together with their stellar 
contributors in three wavelength regions. The group membership varies 
according to wavelength region and available stellar observations in 
these regions. This membership is tabulated for the three overlapping 
wavelength regions in table 3-1. Metal-rich and metal-weak SSS groups 
are labelled 'mr' and 'wk' respectively. Stars from Janes and 
McClure's (1971) list of metal-rich stars are marked (JM); stars from 
the HR1614 moving group (Eggen 1979) are marked (1614).
The stars have been sorted into the 48 SSS groups primarily on the 
basis of their (V-R) colour, with the (B-V) colour playing a 
subsidiary role in some cases. The published value of (V-R) (Cousins 
1980) has been used preferentially for sorting when available, and is 
listed in columns 6,9 and 12. The truncated (V-R82) colour measured 
from the spectra (see chapter 2) is used for all other stars, and is 
listed in columns 6,9 and 12 enclosed in parentheses. The 
observations pertaining to each SSS group have been combined together 
interactively in the same manner as described in section 2.5 for the
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individual stellar observations. Individual stars were weighted here 
according to their observed counts. The measured (V-R) colour (on 
the standard system - see chapter 2) appropriate to each final SSS 
group is listed in column 3.
The (V-R>c colours and spectral types for the individual late M dwarf 
stars (observed in the near infra-red only) are estimated from the 
measured (R-I) colours. These colours and types are enclosed in 
double parentheses. The latest M5-6 dwarf group combines observations 
from stars with a large range of (V-R>c colours, and uses the same 
optical (0.36 - 0.8 micron) observations as used for the M4 dwarf 
group. This is unavoidable due to lack of optical observations of the 
fainter late-type dwarfs, but is of little importance in actual 
syntheses as these groups never contribute a large fraction of light 
in any synthesis, and contribute negligibly at optical wavelengths.
The 0 dwarf and some late M giant (M3-5 III) spectral types are 
missing from the stellar observations obtained here, and are taken 
from the Vilnius standard spectra (Straizys and Sviderskiene 1972 - 
hereafter StSv) corrected to the Hayes and Latham(1975) calibration of 
Vega (see chapter 2). These Vilnius spectra are tabulated on a 50 A 
grid, which is quite sufficient resolution for the essentially 
featureless o dwarf spectrum, and for these M giant spectra whose 
features are all broad. The near infra-red (NIR) regions of 
early-type stars (without IDS or CCD observations at these
wavelengths), and line-free regions of a few other SSS with poor 
correspondence between optical and NIR observations, have also been 
filled by corrected Vilnius (StSv) standard spectra. These spectral 
contributors are denoted by VILNIUS in table 3-1.
3.2.2 SSS - Spectral Plots
Plots of all the flux calibrated SSS are shown in figures 3.1 (a - p), 
where the ordinate is linear in F( X ) (Flux per unit wavelength 
interval at wavelength X); all spectra are normalised to 100 in the 
wavelength range 5450 - 5500 A. Prominent features are indicated in 
the figures, which are arranged so that the line strength variations 
in the three G-K giant metallicity sequences can be readily percieved
Figures 3.1 (a - p)
Plots of all the flux calibrated Synthesis Standard Spectra, 
grouped to contrast the run of spectral type, and the 
metallicity variations within the G-K giant spectra. The 
ordinate is linear in F(X ) (Flux per unit wavelength at 
wavelength X), and all spectra are normalised to 100 in the 
wavelength range 5450 - 5500 A.. Prominent features are 
indicated in the figures, which are described individually 
in the text.
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(figs 3.1 h - m ). The features identified in the spectral plots, 
together with several weaker features which are visible but not 
explicitly marked to avoid confusion, are listed together with their 
wavelengths in table 3-3. The spectral plots and features resolved 
therein are described in turn.
figure 3.1 a) This figure compares the three B dwarf group SSS, 
highlighting the strengthening of the Balmer lines with temperature. 
Several He I lines are also marked, with more being visible but 
unmarked to avoid confusion. The good spectral and flux definition, 
and low noise characteristics of these stellar spectra is evident. The 
near infra-red region ( > 8200 A) of these spectra comes from the 
Vilnius (StSv) catalogue.
figure 3.1 b) This figure compares the three A dwarf group SSS, 
highlighting the strong Balmer lines in the AO-3 dwarf group, 
decreasing subsequently in strength with decreasing temperature. He I 
lines are still visible and the Mgb (5170 A); NaD (5890 A) and Ca I, 
Fe I blend (5270 A) features are becoming visible.
figure 3.1 c) This figure compares the three F dwarf group SSS, 
illustrating the emergence to prominence of the UV Ca II (K and H) and 
the CH 'G' band features, together with several Fe I lines. The 
spectra show already several weak features (due to Fe I or other iron 
group elements) which are too crowded to be individually labelled at 
the display resolution presented here. Identifications of the more 
prominent lines and bands in the SSS spectra are given in table 3-3. 
Many more weak lines can be identified (in the blue) by recourse to a 
suitable spectral atlas (eg. Seitter 1970). Poor removal of the 
atmospheric oxygen A band at 7600 A is evident in the F5-6 dwarf 
spectrum.
figure 3.1 d) The SSS dwarf sequence is extended through the G dwarfs 
to early K dwarf stars. The spectra are now dominated by the UV CN 
band and the CH 'G' band together with the Mgb and NaD features. Many 
iron group features are evident and several labelled. The G5-8 dwarf 
group SSS is the earliest of the SSS dwarf sequence for which NIR 
spectra were observed. These spectra are of high quality and show
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clearly the NIR Ca II triplet, the NIR CN band and the (still weak) 
NIR Na I doublet at 8190 A.
figure 3.1 e) The late K dwarf group SSS show dominant Mgb and NaD 
features, with the Mgb feature being strengthened to the blue by MgH 
absorption. 'Hie NIR Na I doublet feature gradually increases in 
strength through into the MO-2 dwarf group SSS, where molecular CaH 
and TiO band absorption begin to dominate the spectrum.
figure 3.1 f) The CaK and TiO bands increase in strength through to 
the latest M5-6 dwarf group SSS, as does the NIR Na I doublet. The 
stronger 8452, 8662 A lines of the NIR Ca II triplet are still just 
visible. No CCD observations were obtained for M3 dwarf 3tars, and 
this region of the M3 dwarf group SSS has been taken from the Vilnius 
(StSv) catalogue.
figure 3.1 g) This figure compares the three G subgiant group SSS. The 
spectra are very similar to the G dwarf spectra, though with slightly 
enhanced Mgb line strengths (see also figure 3.3 a) due to the 
inclusion of metal-rich subgiant stars in these groups (see table 
3-1). Near infra-red spectra are available for the two later subgiant 
groups.
figure 3.1 h) Thi3 figure introduces the comparison between the three 
metallicity sequences for G-K giants. The weak G5 giant group SSS 
combines observations of several globular cluster nuclei in the blue, 
with Vilnius (StSv) standard spectra in the red (table 3-1). The 
globular clusters used, NGC1851, NGC4590 and NGC1904, have [Fe/H] 
values of -1.3, -2.2 and -1.8 respectively (Zinn 1980). The visual 
spectra in the figure show Balmer line strength decreasing with 
increasing metallicity, whilst the Mgb, CN and Metal features increase 
in strength (see also figs. 3.3 a,f). Note the not insignificant 
strength of the NIR Na I doublet feature in the solar abundance, and 
particularly in the metal-rich giant group SSS.
figure 3.1 i) The metallicity comparison for G8 and K0-1 giant group 
SSS is presented in the top two panels. The weak G8 giant group SSS 
again combines blue observations of globular cluster nuclei with
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Vilnius (StSv) standard spectra in the red. The globular clusters 
used, NGC2808 and NGC5824, have [Fe/H] values of -1.2 and -1.9 
respectively (Zinn 1980). The figure again shows the decreasing 
Baimer line strength and increasing metallicity indicator strengths 
with group metallicity. The MO-2 giant group SSS i3 included at this 
point for convenience, but discussion is deferred until the 
description of other M giant group SSS in figure 3.1 (n).
figure 3.1 j) The metallicity comparison is continued to later K0-2 
giant group SSS. The metal-weak KO-2 giant group consists (table 3-1) 
of the very metal deficient giant HD122563 ( [Fe/H] “ -2.7, Sneden and 
Partharasarathy 1983) and a UV bright star (Zinn, Newell and Gibson 
1972) of Similar colour in NGC 4590 ( [Fe/H] = -2.2, Zinn 1980). By 
comparison with the solar abundance giant, the metal-weak spectrum is 
almost featureless, with only weak Balmer, CH band and Ca II features. 
The metal-rich giant SSS shows strongly enhanced Mgb, CN band and 
metal features with respect to the solar abundance K2 giant SSS. Note 
again the NIR Na I doublet strength in the metal-rich giant SSS (see 
also figure 3.3 c).
figure 3.1 k) The solar abundance and metal-rich K3 giant group SSS 
are shown in the upper two panels. The strengthening of the 
metallicity indicator features is apparent. The O dwarf croup SSS is 
included in this figure for convenience; its colours (table 3-2a) 
correspond to those of late 07-9 dwarfs. This spectrum has been taken 
entirely from the Vilnius (StSv) catalogue, and is included in the SSS 
here for completeness.
figure 3.1 1) The metallicity comparison is continued to K3-4 giant 
group SSS. The meta'l-weak K3-4 giant group consists of the metal-weak 
giant HD165165 and a giant branch star in NGC 288 ( [Fe/H] = -1.6, 
Zinn 1980). The metal-weak SSS shows weak UV Ca II, CH, Mgb and NaD 
features. The solar abundance K4 giant group SSS shows increased 
metallicity indicator strengths, together with the blue CN band at 
4216 A. The metal line blanketing increases in the metal-rich K4 giant 
group SSS, and the prominent metallicity indicators also strengthen.
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figure 3.1 m) The metallicity comparison of the latest solar and 
metal-rich K5 giant group SSS is terminated in the top two panels. 
Broad band TiO absorption, visible in the K4 giant SSS is now clearly 
apparent and can be compared with that in the M3 giant group SSS in 
the lower panel. This spectrum, taken entirely from the Vilnius (StSv) 
catalogue, is included here for convenience.
figure 3.1 n) The late M giant group SSS are compared in this figure; 
see also figs 3.1 (i,m) for the earlier M giant group SSS. The M4 and 
M5 giant group SSS are taken entirely from the Vilnius (StSv) 
catalogue, the resolution of which is clearly adequate for these late 
stars with broad spectral features. The band3 have the same origin as 
for M dwarf stars (figure 3.1 f). The late M dwarf and giant spectra 
are distinguished by the strength of the NCR Na I doublet in dwarfs, 
and the shape on the red side of the CnH absorption at 6000 A.. Note
the near infra-red features identified as CN in the M6 giant spectrum
may be due to ZrO, or to H20 in the extended atmosphere of HD207076, 
which is a Mira variable.
figure 3.1 o) This figure presents the group SSS for B giants (upper 
panel) compiled mainly from observations of standard stars, together 
with two group SSS of horizontal branch SSS (lower two panels). The 
horizontal branch SSS are compiled from observations of individual 
globular cluster giants, and sky line subtraction is critical for 
these faint stars observed in the bright sky conditions at MSO. The 
strong Hg I and [0 I] night sky line positions are indicated, and the 
sky subtraction is seen to be reasonable. The weak F0 giant group SSS 
comprises observations (table 3-1) of only one UV bright star in NGC 
4590, and is of lower quality than the other group SSS. The H y line
at 4340 A is certainly affected by poor Hg I 4358 A night sky line
subtraction.
figure 3.1 p) This figure presents SSS for early-type solar abundance 
giant groups. The early A giant group SSS (top panel) is derived from 
observations of flux standard stars. The two later giant. SSS show 
Ca Li:, CH, Mgb and NaD features. The absolute magnitudes of these two 
groups have been adjusted (table 3-2a and figure 3.2) to provide 
better Horizontal branch definition in actual syntheses.
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3.2.3 SSS - Group Colours and Parameters
The adopted group absolute visual magnitudes are plotted against their 
measured, standard (V-R) colours in figure 3.2 for all SSS groups. 
The groups are differentiated in Luminosity and metallicity by 
different symbols described in the figure and used consistently 
throughout this chapter. Approximate MK spectral types are indicated 
along the top ordinate.
The spectrophotometrically measured (B-V), (V-R) and (R-I)^ colours 
(measured on the standard spectrophotometrie system - see section 2.7)
of the SSS are given in table 3-2a, together with the adopted values
(hereafter referred to as the ’standard' values) of effective
temperature, bolometric magnitude, bolometric correction, mass and 
absolute magnitude for each stellar group. The adopted 'standard' 
values of Log Te have been taken from Flower (1977 ) for the early-type 
dwarfs and giants, from Johnson (1986) for late-type giants and from 
an average of these where they overlap. The 'standard' values of the 
Bolometric correction (BC) given in table 3-2a are taken from a 
variety of sources; Allen (1973), Flower (1977), Johnson (1966) and 
Tinsley and Gunn (1976 \ The BC values for late M giants are taken from
Bessell and Wood (1983), and are thought to be accurate to better than
0.1 magnitude. The 'standard' bolometric magnitudes (Mbol) given in 
table 3-2a are taken from Allen (1973) for early-type dwarfs and 
giants. The values given for M dwarfs are taken from VandenBerg et al 
(1983). The values given for G-K type dwarfs, subgiants and normal 
giants have been taken from the mean values derived for a solar 
composition (Y = 0.23, 7, ~  0.017) 10 Gyr isochrone (see section 3.3). 
The 'standard' Mbol values for metal-rich and metal-weak giants are 
similarly read off from the isochrones appropriate to metal rich (Z = 
0.04) and metal-weak (Z = 0.004) populations, each of age 10 Gyr. The 
'standard' group mass values are taken from Allen (1973) and Tinsley 
and Gunn (1976).
The dwarf sequence extends from the earliest O dwarf type to the late 
M5-6 dwarf group. The spectral type resolution is highest between the 
F7-8 dwarf and G5-8 dwarf groups for better determination of the 
main-sequence turnoff point in syntheses of composite systems.
Figure 3.2
Plot o£ adopted standard vs. (V-R) for all Synthesis 
Standard Spectra groups. The groups are distinguished in 
luminosity and metallicity by different symbols. Approximate 
MK spectral types are indicated along the top ordinate.
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Table 3-2 SSS Parameters and approximate metallicities
Table 3-2a Synthesis Standard Spectra — Parameters
Group (B-V) (V - R )c (R - I > c Log Te Mb o 1 BC M/Mo Mv
dwarfs
07-9 32 -. 16 -. 14 4. 53 -8. 5 -3. 4 30. -5. 1D 1 —3 -. 18 -. 09 -. 13 4. 23 -3. 5 -1. 6 10. -1. 9B4-5 14 -. 05 (. 01 ) 4. 14 -2. 0 -1.2 6. -0. 8136—9 . 00 < . 06) -. 03 3. 98 0. 6 -0. 2 4. 0. 4AO-3 . 05 . 01 . 04 3. 95 1. 1 -0. 1 3. 1. 2A4—6 (.34) . 09 . 14 3. 89 2. 2 0. 0 2. 2. 2A7-F1 . 27 . 18 . 23 3. 87 3. 0 0. 0 1. 5 3. 0F2-4 . 41 . 21 . 26 3. 82 3. 5 0. 0 1. 4 3. 5F5-6 . 49 . 26 . 25 3. 80 3. 8 0. 0 1. 3 3. 8F7-B . 55 . 34 . 30 3. 78 4. 2 -0. 05 1. 1 4. 2GO-4 . 64 . 35 . 37 3. 76 4. 4 -0. 08 1. 05 4. 5G5-E3 . 70 . 37 . 37 3. 75 4. 8 -0. 10 1. 0 4. 9KO-1 . 76 . 45 . 39 3. 72 5. 4 -0. 20 . 8 5. 6K2-3 . 90 . 56 . 50 3. 68 6. 2 -0. 38 . 7 6. 5K4-7 1. 13 . 68 . 61 3. 65 6. 8 -0. 55 . 6 7. 3MO-2 1. 39 . 90 1. 03 3. 58 7. 9 -1. 30 . 5 9. 2M3 1. 51 1. 07 1. 32 3. 55 9. 0 -1. 8 . 3 10. 8M4 1. 60 1. 25 1. 57 3. 52 10. 4 -2. 6 . 2 13. 0M5-6 1. 60 1. 27 1. 71 3. 50 11.0 -3. 0 . 15 14. 0
subgiants
eG . 71 . 32 . 38 3. 76 4. 0 -0. 1 1. 1 4. 1mG . 76 . 39 . 39 3. 735 3. 7 -0. 1 1. 1 3. B1G . 84 . 47 . 47 3. 71 3. 8 -0. 2 1. 1 4. 0
norma 1 giants
B . 00 . 05 . 04 3. 98 0. 4 -0. 2 1. 1 0. 6e A . 19 . 07 . 08 3. 90 0. 7 0. 0 1. 1 0. 7A7-F0 . 32 . 16 . 19 3. 85 0. 3 0. 0 1. 1 0. 3IF . 42 . 28 . 26 3. 81 0. 2 0. 0 1. 1 0. 2GS-9 . 91 . 48 . 44 3. 69 3. 8 -0. 3 1. 1 4. 1KO-1 . 98 . 52 . 47 3. 68 3. 3 -0. 35 1. 1 3. 6K2 1.11 . 57 . 53 3. 66 2. 1 -0. 4 1. 1 2. 5K3 1. 19 . 64 . 57 3. 63 0. 7 -0. 5 1. 1 1.2K4 1. 56 . 73 . 64 3. 60 -0. 5 -0. 8 1. 1 0. 3K5 1. 44 . 77 . 78 3. 59 -0. 9 -0. 9 1. 1 0 . 0MO-2 1. 57 . 87 . 95 3. 56 -1. 9 -1. 2 1. 1 -0. 7M3 1.61 1 . 02 1. 19 3. 52 -3. 1 -1 . 8 1 . 1 -1.3M4 1. 54 1. 14 1.49 3. 49 -3. 7 -2. 4 1 . 1 -1 . 3M5 1. 56 1. 27 1 . 68 3. 48 -4. 2 -2. 9 1. 1 -1 . 3M6 1. 43 1. 50 1. 94 3. 47 -4. 7 -3. 4 1. 1 -1. 3
metal— rich giants
mrG5-K0 . 89 . 51 . 43 3. 69 4. 0 -0. 3 1. 2 4. 3mrKl—2 1. 10 . 58 . 52 3. 66 3. 3 -0. 4 1.2 3. 7mrK3 1. 25 . 61 . 57 3. 63 1. 5 -0. 5 1 . 2 2. 0mr K4 1.41 . 74 . 68 3. 60 0. 2 -0. 8 1 . 2 1 . 0mrK5 1. 33 . 78 . 77 3. 59 -0. 2 -0. 9 1 . 2 0. 7
metal—weak g iants
HB . 00 -. 04 . 02 3. 98 0. 4 -0. 2 1 . 0 0. 6wkFO . 36 . 09 . 13 3. 84 0. 2 0 . 0 1 . 0 0. 2u k G5 . 67 . 47 . 46 3. 72 3. 3 -0. 2 1 . 0 3. 5w k G8 . 82 (.53) . 47 3. 68 2. 0 -0. 35 1 . 0 2. 3ujkKO-2 . 97 (. 56) . 51 3. 66 0. 7 -0. 4 1 . 0 1 . 1w k K3-4 1. 03 . 75 . 68 3. 62 -0. 8 -0. 6 1 . 0 -0. 2
Table 3-2b Synthesis Standard Spectra - Approximate Meta 11 i ci11 es
Group Star Source d Cm CFe/l-n
mean 
CFe/H3
rG5—KO III HD 1563 JM 0. 07 0. 32 0. 32
HD88284 JM 0. 09 0. 42
HD210434 JM 0. 05 0. 23
rKl-2 III HD117267 JM 0. 1 1 0. 51 0. 34
HD221148 1614 - 0. 3
HD222804 1614 0. 2
rK3 III HD2140 1614 - 0. 2 0. 24
HD40347 JM 0. 06 0. 28
HD 167576 1614 - 0. 2
HD 198716 1614 - 0. 2
HD221148 1614 - 0. 3
rK4 III HD5384 JM 0. 08 0. 37 0. 44
HD40282 JM 0. 08 0. 37
HD114960 JM 0. 13 0. 60
HD217531 JM 0. 09 0. 42
rK5 III HD5384 JM 0. 08 0. 37 0. 44
HD40282 JM 0. 08 0. 37
HD151217 JM 0. 13 0. 60
HD217531 JM 0. 09 0. 42
HB NGC288 Zinn -1. 6 -1.6
wFO III NGC4590 Zinn -2. 2 -2. 2
wG5 III NGC1851 Zinn -1.3 -1.8
NGC4590 2 i nn -2. 2
NGC1904 Zinn -1. 8
uG8 III NGC2808 Zinn -1.2 -1.6
NGC5824 Zinn -1. 9
wKO-2 III NGC4590 Zinn -2. 2 -2. 4
HD 122563 BN -2. 7
wK3-4 III NGC288 Zinn -1. 6 -2. 1
HD165195 TN -2. 7
Sources :
JM : Janes and McClure (1971); 1614 : HR1614 group» Eggen (1978);
Zinn Zinn (1980); BN : Bessell and Norris (1983);
TN : Tobin and Nordsieck (1981).
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The three G-type subqiant groups are labelled 'early', 'mid' and 
'late' (abbreviated to 'e', 'm' and '1'), and cover the subgiant 
colours spanned by the metallicities and ages used in the composite 
isochrone spectra (section 3.3).
The dwarf and sub-giant stellar observations cover too few stars of 
either metal-rich or metal-weak abundance to form distinct abundance 
sequences for these luminosity classes; metal-rich and metal-weak 
dwarf and metal-rich subgiant spectra have therefore been combined 
into the appropriate dwarf or subgiant SSS on the basis of colour 
alone.
'Hie metal-rich and metal-weak giant sequences cover the G-K giants 
well; the metal-weak giant sequence including observations of globular 
cluster nuclei as well as of individual stars.
The two horizontal branch groups in the metal-weak sequence are formed 
from observations of individual stars in two globular clusters (NGC288 
and NGC4590). The solar abundance A7-F0 and late F giant group 
spectra have had their Mbol values adjusted to provide a more extended 
(to the red) horizontal branch definition (see figure 3.2 and table 
3-2a).
The late M giant types completely span the range of cool giants 
specified by the CIS of different metallicities (see section 3.3), and 
also cover the late types indicated to contribute significantly at 
infra-red wavelengths from studies of H^O absorption (at 2 microns) in 
composite systems (Aaronson et al 1978b).
There are some poorly defined colour values in table 3-2a, enclosed in 
parentheses. The B4-5 dwarf (R-I)^ and A4-6 dwarf (B-V) colours are 
wrong due to poor observations in these regions for these low priority 
types. The derived B6-9 dwarf group (V-R)^ colour is quite wrong for 
stars of this spectral type, and indicates that the spectral 
classifications of stars selected for this group (table 3-1) are 
wrong. These groups contribute very little to actual syntheses 
however, and these colour and group assignment errors have no bearing 
on the synthesis results. The B6-9 dwarf group has been shifted to
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(V-R) = -0.01 in figure 3.2. The metal-weak G8 and K0--2 giant group
(V-R) colours are slightly wrong due to the difficulties of 
connecting blue observations to standard Vilnius (StSv) spectra in 
this region. The effect is very slight however, and should not affect 
the synthesis results. These group colours have been adjusted
(reversed) in figure 3.2.
3.2.4 SSS - Approximate metallicity calibration
The approximate metallicities of the dominant stellar contributors to 
the metal-rich and metal-weak G-K giant sequences are listed in table 
3—2b. Approximate metallicities are expressed as (Fe/H) relative to 
the Sun. The öCm values of 3tars from Janes and McClure's list (1971) 
of cyanogen strong stars are listed in column 4; the metallicity 
calibration for these stars is taken from McClure (1970), adjusted to 
give values relative to the sun. The mean metallicity of the HR1614 
group stars has been taken a3 that of the Hyades (Eggen 1978), which 
is adopted here as (Fe/H) =0.20 (Branch et ai 1980). The SMR K3 
giant HD221148 is overabundant with respect to the other HR1G14 group 
stars, and a value of (Fe/H) =0.3 has been adopted for this star. The 
metallicities of the globular cluster contributors ( individual stars 
and nuclei) has been taken from Zinn (1980). The mean group 
metallicity values of each group are listed in column 6.
The mean metallicities of the metal-rich groups corresponds quite well 
with the adopted metal-rich Isochrone abundance (Z = 0.04,
(Fe/H) = 0.37). The mean metallicities of the meta'l-weak groups is 
significantly lower than that adopted for the metal-weak Isochrone 
abundance (Z = 0.004, (Fe/H) = -0.63), reflecting the fact that 
generally quite metal-weak globular clusters have been observed. The 
line strengths of the metal-weak G-K giant sequence are therefore too 
weak for the corresponding Isochrone abundance, and this may affect 
synthesis fits to detailed line strengths when a significant
metal-weak giant component is incorporated. In fact however, since 
only one (solar abundance) dwarf sequence i3 used, the metal-weak 
solutions are likely to represent line strengths of composite systems 
quite well, with the weak giant lines and strong dwarf lines 
compensating each other to some extent. Problems are experienced in
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fitting the line strengths of the most metal-rich composite systems 
however, which may be due simply to line-strength dilution by solar 
abundance dwarfs.
3.2.5 SSS - Unreddening
Most SSS are composed of observations of bright stars which are 
nearby; interstellar reddening is not a problem for these groups. The 
only stars for which reddening is significant are in the late M5 giant 
group, and in the metal-weak giant groups composed (at least partly) 
of observations of globular cluster individual stars or nuclei. The 
M6 giant group stars have distances of up to 500 parsec (adopting a 
group standard = -1.3), and are more than 17 degrees from the 
galactic plane. No unreddening corrections have been applied to these 
stars for two reasons: i) for spectral synthesis the objective is to 
achieve the widest possible coverage of spectral types, and it is 
important to represent the reddest possible M giant spectrum in the 
synthesis groups, and ii) the colour range contained in this group 
spans 0.07 in (V-R) (see table 3-1); the most distant star (KR2156) 
has a (V-R) colour close to the blue edge of this range and 
unreddening corrections were therefore considered to be 
innappropriate.
The globular clusters have colour excesses (tabulated in Zinn, 1980) 
which are large only for NGC2808 and NGC5824 used in the metal-weak G8 
giant group. Again no unreddening corrections have been applied for 
two reasons: i) for the weak K giant groups, the individual globular 
cluster stellar spectra have observed (V-R)^ colours very similar to 
those of the nearby stars with which they have been combined; it was 
therefore thought innapproriate to remove their small reddening 
(E(B-V)--0.00 - 0.02), ii) the weak G giant groups are composed of 
observations of globular cluster nuclei, which are themselves each 
averaged over several placements of the small (5x7 arcsec) aperture to 
avoid local effects. The observed colour range within a group is quite 
large ("0.1 mag) and unreddening would have amplified this.
It should be emphasised that, whilst unreddening may be necessary to 
correct to the actual emitted spectrum, it is purely a matter of
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choice in the formation of standard spectra for population synthesis. 
The SSS represent standard spectra of given colours and associated 
temperatures (derived from their colours). Changing the colour of any 
SSS would give a new standard spectrum which would be representative 
of stars of slightly different spectral type, mass and temperature. It 
would also change slightly the relative numbers calculated for that 
group in the formation of the CIS (section 3.3).
3.2.6 SSS - Line Strength Variations with Colour
The strengths of several prominent absorption lines have been measured 
in the SSS as functions of metallicity, spectral type and luminosity 
class. For each selected feature, pseudo continuum bands were
carefully selected on either side of the feature to define a 'local 
continuum', and the flux removed by the feature relative to this local 
continuum measured. The results are expressed as 'Local Equivalent 
Widths' (LEW) in Angstrom where :
LEW (A) = J x^ C 1 - F(X)/Fc(X) ] dX
In this expression F( X ) is the actual SSS flux and F ( X ) the local 
continuum flux obtained by linear interpolation between the two 
selected pseudo continuum side bands. The prominent features of 
interest in the SSS are listed with their wavelengths in table 3-3. 
The features for which LEW results are displayed graphically in 
figures 3.3 (a - h) are listed in table 3-4, with the wavelength 
limits of the features and of their pseudo continuum side bands. The 
pseudo continuum side bands have been selected by careful examination 
of the SSS themselves, and of the solar and arcturus atlases, to 
minimise contamination of these bands by metal lines and other 
spectral features. The galaxy nuclear spectra (see chapter 4) were 
also examined to check that these adopted sidebands were not adversely 
affected by galactic features. The sidebands listed in table 3-4 are 
nevertheless not free from contamination by real spectral features, 
and are referred to here specifically as pseudo continuum sidebands.
Plots of the variation with colour of the selected SSS spectral 
features are given in figures 3.3 (a-h). The SSS groups are
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Figures 3.3 (a - h )
Plots of selected feature 'Local Equivalent Widths' (LEW - 
defined in the text) as functions of SSS group (V-R)c 
colour. The SSS groups are distinguished in luminosity and 
metallicity by different symbols as in figure 3.2. Symbols 
in parentheses represent feature indeces measured on spectra 
for which only low resolution Vilnius (StSv) data is 
avallable.
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distinguished in Luminosity and metallicity in these figures by the 
same symbols as used in figure 3.2. Points plotted in parentheses 
represent feature indices measured on spectra for which only low 
resolution Vilnius (StSv) data are available. The plots of variation 
with colour of the Mg I, NaD, UV and NIR Ca II and NIR CN feature LEW 
are qualitatively similar to plots given by O'Connell (1973) for these 
feature variations, and measured from his scanner data.
Figure 3.3a shows the variation of the Mg I (Mgb + MgH) LEW with 
colour and luminosity class. The feature shows good luminosity 
separation between dwarf and giant branch sequences for spectral types 
G and later. There is also good seperation between the three giant 
branch metallicity sequences, with the metal--rich sequence Mg I 
absorption being 15-20 % stronger than that of the solar abundance 
sequence, and the metal-weak sequence being only one third as strong. 
The data for the metal-rich giant branch sequence are perhaps slightly 
misleading, as the local continuum is itself depressed for these stars 
by additional metal-line blanketing, which reduces the measured LEW.
Figures 3.3b,c show the variation of the NaD and NIR Na I feature LEW 
with colour and luminosity class. There is good luminosity seperation 
(in both optical and NIR features) for spectral types K and later. The 
Na D feature also shows definite seperation between the giant branch 
metallicity sequences. The NIR Na I feature is weak in giants, but a 
definite seperation between metal-rich and solar abundance K giants is 
evident. No IDS or CCD NIR spectra have yet been obtained for 
metal-weak giants. The rapid strengthening of the NIR Na I feature 
for late-type dwarfs provides an immediate visual check on the 
presence of these late dwarfs in composite spectra. An NIR Na I 
feature LEW of more than 2 A can probably not be obtained in composite 
spectra without a significant late-type dwarf component. Near 
infra-red Na I feature LEW up to 2 A however can be obtained with 
various combinations of early K dwarf (close to main sequence turnoff) 
and metal-rich K giant star light. It is also possible that NIR Na I 
feature LEW higher than 2 A can be obtained with K giants of higher 
metallicity than have been observed here, or with metal-rich K dwarfs.
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Figures 3.3d,e show the variation of the UV Ca II (K+H) and NIR Ca II 
triplet feature LEW with colour and luminosity class. The Ca II 
features show good luminosity seperation for spectral types K and 
later, with the K and H lines showing clear giant branch metallicity 
seperation.
Figure 3.3f shows the variation with colour and luminosity class of a 
composite index formed from the sum of several Fe group feature LEW, 
as described in table 3-4. The primary seperation for this composite 
index i3 in metallicity for the three giant branch metallicity 
sequences. This feature represents the best available metallicity 
calibrator in composite systems.
Figures 3.3g,h show the variation with colour and luminosity class of 
the UV and NIR CN feature LEW. The UV CN feature shows primarily a 
clear seperation between the three giant branch metallicity sequences.
3.2.7 SSS - Summary and Possible Future Extensions
Figures 3.1 (a-p) demonstrate the substantial improvements in spectral 
resolution obtained here over previous scanner work, and figure 3.2 
and tables 3-2a,b highlight the range of stellar types present in the 
synthesis standard spectra. The group resolution between spectral 
types, luminosity classes and abundance sequences is good and similar 
to that obtained previously by O'Connell (1973). The SSS groups 
presented here define the normal dwarf and giant sequences at slightly 
closer intervals than used by O'Connell (1973), and this is true for 
the metal-rich and metal-weak giant sequences also. Only one (mixed 
solar and metal-rich) subgiant sequence is used here however, and the 
optical observations of the latest M dwarfs and NIR observations of 
metal-weak giants are somewhat sparse. Whilst the present 
observations are clearly quite adequate to perform the differential 
population synthesis of composite spectra described in the following 
chapters, it is worthwhile pointing out here areas in which these 
stellar observations could be extended and improved.
The present synthesis library could be extended by a) observations of 
more metal-rich dwarfs and subgiants so as to form seperate metal-rich
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dwarf and subgiant sequences, b) further observations of faint, late M 
dwarfs and c) further NIR spectra of metal-weak giants, particularly 
of the NIR Na I and Ca II luminosity dependent features. '.These latter 
observations are now planned and should enhance the syntheses of 
faint, metal-weak galaxies. They are also important for any synthesis 
of globular cluster nuclei which may be attempted, and which is quite 
feasible with this data. Observations of metal-rich K giants in the 
galactic centre (Whitford 1982) were attempted on the MSO 1.9rn 
telescope, but the spectra of these faint stars were too noisy for 
inclusion in the present synthesis library due to the bright sky 
conditions at this site. Further observations of these stars
([Fe/H] ~ 0.5, Whitford and Rich 1983) are now in progress on the AAT, 
and will certainly assist in interpreting the strong line composite 
spectra of the brightest elliptical galaxies.
3.3 COMPOSITE ISOCHRONE SPECTRA - CIS
3.3.1 CIS - Introduction
The basic approach used in this work to model the stellar populations 
of observed galaxies is that of EMPIRICAL POPULATION synthesis 
(Whipple 1935, Spinrad and Taylor 1971, O'Connell 1976b). This 
approach seeks to deconvolve the observed galaxy spectrum in terms of 
spectra of individual 3tellar groups, each occupying a well defined 
position in the HR diagram. Another approach which utilises the known 
astrophysical requirements directly is that of EVOLUTIONARY POPULATION 
synthesis as described and used by Gunn, Tinsley and co-workers (Gunn, 
Stryker and Tinsley 1981). This approach still requires the 
observation of a large library of stellar standard spectra, but 
combines these spectra in predetermined fixed ratios corresponding to 
theoretically derived luminosity functions for particular ages and 
compositions of single generation populations of stars - the new Yale 
Isochrone tabulations (Green et al 1983). Each isochrone tabulation 
lists the stellar mass, Log Te, Mbol and relative star numbers at a 
set of Equivalent Evolutionary points.
The Composite Isochrone Spectra (CIS) each represent the composite 
spectrum due to light from stars of a single epoch of star formation
3-16
with specified age, metallicity and slope of the initial mass function 
(IMF - assumed power law). Each CIS is formed by binning the 
appropriate Isochrone relative star numbers in groups between limits 
set in Log Te by the SSS colours, and then adding the SSS in the fixed 
ratios defined by this binning procedure. CIS have been formed here 
for a suitable range of isochrone ages, metallicities and IMF slopes 
to form a new basis set for the synthesis of galaxy spectra in terms 
of a fairly coarse grid of complete, distinct generations of stars.
The real distinction between the two synthesis approaches lies in the 
fact that empirical syntheses allow the relative proportion of star 
numbers to vary freely within quite loose boundaries set by 
evolutionary considerations (see chapter 5). The major difficulty 
encountered in the empirical approach lies in disentangling the 
results of such syntheses in terms of possible multiple epochs of star 
formation. This is clearly not easy, and may require considerable 
subjective interaction.
The CIS model spectra, on the other hand, have clearly prescribed 
proportional contributions from the basic stellar flux library 
standards (SSS) built in, and this approach requires no constraints 
(other than non-negativity) on the CIS basis vectors. The CIS 
potentially enable a more elegant synthesis of galaxy spectra in terms 
of multiple whole populations of different ages and metallicities. The 
main problem encountered with syntheses using CIS is their inflexible 
configuration, based on stellar group ratios and parameters which are 
still far from certain. The present uncertainties are summarised at 
the end of this section after a description of the techniques involved 
in forming the CIS.
The Isochrone parameter selection is described in section 3.3.2 and 
the calculation of the relative star numbers and light fractions 
appropriate to each CIS described in section 3.3.3. Complete plots of 
each CIS and their ma^or spectral contributors are given and described
in section 3.3.4.
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3.3.2 CIS - Isochrone Parameter Selection
A grid of Isochrone parameters has been selected to optimally cover 
(using the available stellar flux data) the expected ranges of stellar 
ages and metallicities within the galaxies being synthesised. The 
grid consists of three ages (T) of 5, 10 and 15 Gyr, and three 
metallicities (Z) of 0.04, 0.017 and 0.004 corresponding to 
metal-rich, solar and metal-weak populations. A single Flelium 
abundance of Y =0.23 was selected as being that which most closely 
matched solar values of mass, bolometric magnitude, age and effective 
temperature. For an Isochrone of T = 5, Z = 0.017, Y = 0.23, the 
derived values of Log Te and Mbol for a 1.000 solar mass evolutionary 
point are 3.753 and 4.665 respectively. All the Isochrones have been 
taken from the new Yale Isochrone tabulations (Green et al. 1983), 
with the selected Isochrones being interpolated from the existing data 
as described in the scheme below.
ISOCHRONE INTERPOLATION SCHEME
Yale Isochrone Interpolated Isochrone
Z values Z values
0.04
o.oi
o.ooi
0.04
0.017
0.004
Y values Y values
0.2
0.3
0.23
The three selected metallicity values (Z) were first interpolated from 
the closest available metallicity values existing in the new Yale 
compilation and for which giant branches were included. The 
interpolations in Z were done for the two listed Helium (Y) abundances
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of 0.2 and 0.3 seperately, and final interpolations made in Y for each 
Z value. The interpolations used were logarithmic for logarithmic 
quantities such as Log Te and Mbol, and linear for linear quantities 
such as Mass and Relative star numbers. Following interpolation of the 
Isochrone parameters to the selected grid of age and metallicity 
values, a final correction was made to the Log Te values to allow for 
the change in the ratio of mixing length to pressure scale height 
(1/h) from 1.0 to 1.6 (Demarque and McClure 1977), which best fits 
observations of cluster sequences. The algorithm used for this 
correction is taken from Twarog (1980) and increases the Isochrone Log 
Te values by between 0.005 on the zero-age main sequence and 0.025 on 
the giant branch.
The resulting Isochrones are shown in the theoretical Mbol vs. Log Te 
plane in figure 3.4. The three different metallicities are indicated 
in this figure by dotted (Z = 0.004), solid (Z = 0.017) and dashed (Z 
= 0.04) lines, with the three selected ages being plotted for each 
metallicity (youngest age to the blue). Several SSS group positions 
(table 3-2a) in this Mbol vs. Log Te plane are also plotted for 
comparison. As already stated in the preceding section, the Mbol 
values of these SSS groups are in fact determined by the Isochrone 
placement and the previously assigned (via colours) Log Te values.
The relative star numbers for each isochrone were calculated for 
values (s) of the IMF slope of 1.0, 2.35 and 4.0, where the IMF is 
assumed to be a power law of the form :
— sdN/dm = k m
and the slope of s = 2.35 corresponds to the Salpeter mass function. 
The final Isochrone parameters and spectra are referred to by a four 
character code : first a letter R, S or W indicating metal-rich, solar 
or metal-weak abundance (Z = 0.04, 0.017 or 0.004 respectively); next 
a two digit number 05, 10 or 15 indicating the age in Gyr; and finally 
a one digit number 1, 2 or 4 indicating the slope of the IMF (s = 1.0, 
2.35 or 4.0 respectively). The 5 Gyr, metal-rich isochrone of IMF 
slope 2.35 is thu3 referred to as R052.
Figure 3.4
The interpolated Yale Isochrones plotted as Mbol vs. Log 
Te. Three metallicity values are plotted (- - - Z-0.04,
----- 2-0.017, ....  Z-0.004), each having three age values
of T — 5, 10, 15 Gyr (running from blue to red). The Helium 
abundance is constant at Y = 0.7.3 for all Isochrones. Some 
SSS groups are also plotted at their standard values (Table 
3-6) with the same symbol definition as in figure 3.2.
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3.3.3 CIS - Stellar group ratios and Parameters
The SSS groups comprising each CIS, their parameters, number ratios
and mass and light (at V) fractions are tabulated in tables 3-5 (a-i).
The procedure adopted to derive these tables and consequent CIS, shown
in figures 3.5 (1 to 28), was as follows :
1) For each selected, interpolated Yale Isochrone tabulation, 
equivalent evolutionary point (EEP) boundaries were selected for 
each SSS group (column 1 of tables 3-5) on the basis of Log Te, 
to bracket the assigned SSS group Log Te values tabulated in 
table 3-2a.
2) The relative star numbers tabulated in each isochrone were then 
summed, and the values of Log Te, Mbol and Mass averaged between 
the allocated EEP boundaries for each SSS group. The summed star 
numbers have been formed into ratios (on an early K giant group) 
for simplicity and are listed in columns 7 to 9 of tables 3-5.
3) The values of Log Te, Mbol and Mass, listed in columns 2, 3 and
5 of tables 3-5, are those derived from the averaging process
for all SSS groups except the M dwarfs. The low mass M dwarfs
are not covered in the Isochrone tabulations and values listed
in table 3-5 for these groups have been extrapolated from the
existing lower main sequence groups by reference to the
•standard' values listed in table 3-2a, and the following
assumptions. The Mbol values for M dwarfs have been derived by
asssuming increments equal to those in the 'standard' list down
the main sequence regardless of age or metallicity. The Mass
values have been derived by applying scale factors to adjust the
'standard' value to the Isochrone value at the lowest Isochrone
(K4-7 V) mass point, and fixing the mass of the latest M5-6
dwarf group at 0.15 M tor all Isochrones. Since the fractiono
of light contributed by these M dwarfs is always quite small, 
these assumptions are adequate. 'Hie values of absolute 
magnitude (M^) listed in column 4 of tables 3-5 are calculated 
from the listed Mbol values and the 'standard' bolometric 
corrections listed in table 3-2a.
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4) The mass interval (column 6) appropriate to each main sequence 
group below turnoff has been calculated as half the mass 
difference between the neighbouring mass values. The relative 
star numbers for the M dwarfs have been calculated using a power 
law extrapolation fitted to the main-sequence dwarf group 
numbers below turnoff. The relative numbers derived from step 2 
above have also been smoothed in this process as the EEP 
resolution in terms of stellar numbers is coarsly defined for 
late dwarfs. An upper limit has been imposed on the latest M5-6 
dwarf numbers following the recent determinations of faint star 
luminosity functions in our Galaxy by Reid (1982), and Reid and 
Gilmore (1982). The condition is that the number of stars per 
unit absolute magnitude should not increase for absolute 
magnitudes fainter than = 12, and means in practice that the 
number of M5-6 V stars cannot exceed that calculated for the M4 
dwarf group. This usually means a decrease of M5-6 dwarf group 
star numbers (calculated by power law extrapolation) by a factor 
ranging from 0.9 to 0.4. Although this condition is based on 
observations in our Galaxy, it points to the high probability 
that the star formation process has a low mass cut off, rather 
than an indefinite extrapolation of the naive power law 
assumption. The actual cut-off mass may well vary as a function 
of metallicity, but that is of little importance here. It is 
noticeable that unconstrained empirical population syntheses do 
not require high proportions of low mass stars (O'Connell 1976b 
and this work, chapter 6). The high mass to light values 
derived by Spinrad and Taylor (1971) are a consequence of the 
specific inclusion of high proportions of late M dwarfs. M31 for 
example can be synthesised to higher accuracy than achieved by 
Spinrad and Taylor (1971), and the observed NIR Na I feature 
strength well fitted, with mass to visual light ratios of order 
10-15 (Carter, Visvanathan and Pickles 1983).
5) The mass and V light fractions tabulated in columns 10 to 12 and 
13 to 15 of tables 3-5 are calculated from the tabulated stellar 
group number ratios (columns 7 to 9) and their assigned values 
of mass (column 5) and absolute magnitude (column 4). The
3-21
values of V light fractions contained in parentheses are local 
sums of the preceeding groups. The calculated mass to visual 
light ratios for each CIS are tabulated with the CIS colours in 
table 3-6.
3.3.4 CIS - Spectra and Colours
The CIS spectra and the fractional contributions of M, K and (where 
present) F-G dwarfs, subgiants, G-K and M giants are shown in figures 
3.5 (2 to 28), for each value of metallicity (Z), age (T) and IMF
slope (s). As for the plots of the SSS, the ordinate is linear in 
F( X ) with the model isochrone spectrum (thick line) normalised to 100 
in the wavelength range 5450 - 5500 A. The spectral-type group
contributions (thin lines) to each CIS thus represent actual
percentage contributions at V and relative contributions at all other 
wavelengths. Some of the contributing spectra in figures 3.5 have 
been thickened slightly to more easily distinguish them in crowded 
regions.
Figure 3.5 (1) summarises the CIS variation with metallicity (upper
panel) at fixed age, and with age (lower panel) at fixed metallicity. 
The computed (B-V), (V-R)^ and (R-I)^ colours of each CIS are given in 
table 3-6, together with the CIS codes (column 1); metallicity, age 
and IMF slope parameters (columns 2 to 4) and calculated mass to 
visual light ratios (column 5). The LEW measurements of selected 
features in the CIS are given in chapter 4 (table 4-3).
The CIS spectra show (see also table 3-6) :
1) Reddening with increased metallicity.
This effect is clearly seen in table 3-6, for all ages and all IMF 
slopes, and is further illustrated in the top panel of figure 3.5 (1) 
which compares CIS of the three metallicities at a fixed age (10 Gyr) 
and fixed IMF slope (s=2.35). This effect is a simple consequence of 
the redward movement of the Isochrones with increasing metallicity 
(see figure 3.4).
Figures 3.5 (1 - 28)
The Composite Isochrone Spectra (CIS) are plotted as F(X ) 
vs. wavelength.
Figure 3.5 (1) : This figure highlights the run of
metallicity (top panel) encompassed by the CIS for a given 
age (10 Gyr) and slope of the IMF (s = 2.35), and the run of 
age (bottom panel) for a given (solar) metallicity and slope 
of the IMF (s = 2.35).
Figures 3.5 (2 - 28) : The individual CIS are plotted for
throe metallicities, throe ages and throe slopes of the IMF, 
taken in order. The values appropriate to each CIS are 
indicated in each figure, together with the CIS code as 
given in table 3-6 and defined in the text. Mhe CTS (thick 
linos) are normalised to F( X ) = 100 in the wavelength region 
5450 - 5500 A. The thin lines describe the relative 
contributions of the indicated broad spectral groupings
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2) Neutral line strengthening with increasing metallicity.
This effect is clearly seen in the CIS spectra (figures 3.5 - see also 
table 4-3). The effect is not as pronounced as it should be however as 
the light produced by the G-K giants around V wavelengths is typically 
only about 30 - 40 %, and line strength variations in these stars are 
consequently diluted in the composite spectra. This is an unfortunate 
consequence of the fact that the SSS spectra used contain only one 
metallicity sequence for subgiants and G-K dwarfs. In SSS syntheses, 
this problem can lead to overpopulation of the G-K giant groups to 
attain the Mgb and NaD line strengths present in bright galaxy 
spectra.
3 ) Reddening with age.
This effect is seen clearly in table 3-6, and is further illustrated 
in the lower panel of figure 3.5 (1), which compares the CIS for three 
ages at fixed (solar) metallicity and fixed IMF slope (s=2.35). Again 
this effect is a simple consequence of the reddening of the Isochrones 
with increasing age (see figure 3.4)
4) Line strength variations with age.
For the metal-weak CIS, the effect of increasing age is to move from a 
spectrum dominated at V by F-G dwarf starlight and having consequently 
strong Balmer lines, to a spectrum dominated at V by G dwarfs and weak 
G-K giant starlight in which the CH band and Mgb and NaD features 
achieve more prominence (see also table 4-3). The line strength 
variation in the NIR is not great, except for the CIS of IMF slope 
s=4, although the continuum flux (and colour) changes markedly.
For the solar abundance CIS, the effect of increasing age is to move 
from a spectrum dominated at V equally by F-G dwarf and G-K giant 
starlight, to one dominated at V by K dwarfs and G-K giants. The 
Balmer lines decrease in strength slightly with age, whilst the Mgb 
and NaD lines increase in strength slightly. The major effect, for all 
values of the IMF slope, is a change in the continuum colours (see 
table 3-6).
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For the metal-rich CIS, the effect of increasing age is to move from a 
spectrum dominated at V by metal-rich G-K giants for the early (T = 5 
Gyr), through a spectrum dominated at V by K dwarfs for the middle (T 
= 10 Gyr) age CIS, to a late (T = 15 Gyr) spectrum dominated at V 
equally by both K dwarfs and metal-rich G-K giants. The M giant 
contribution increases with age, causing enhanced Call and TiO band 
strengths. For an IMF slope of 3=4, these metal-rich CIS are always 
dominated at V by K dwarf starlight, and these CIS take on an 
appearance appropriate to the later spectral type.
5) Reddening with increasing slope of the IMF.
In fact for most ages and metallicities there is very little 
difference between the resultant CIS for s ~ 1 and for s = 2.35, as 
reduced M giant light is replaced by increased M dwarf light. This 
highlights the fact that population synthesis of galactic continua 
provides only coarse determinations of the IMF slope (and Mass to 
Light ratios). Better resolution between different IMF slopes can 
only come from detailed synthesis of NIR luminosity dependant 
features.
6) Vaxiation of near infra-red luminosity dependent features 
with slope of the IMF.
The Na I feature at 8190 A (strong in late-type dwarfs) increases 
dramatically for the large (s = 4) value of the IMF slope despite the 
limitations which have been imposed on the latest M dwarf 
contributions. This feature provides an immediate, strong indication 
of the numbers of late-type dwarfs and is (together with the Ca II NIR 
features at 8498, 8542 and 8662 A) potentially a very powerful probe 
of the dwarf to giant star light ratio in faint regions of galaxies 
where dynamical studies might be difficult. These features are 
becoming increasingly accessible with the advent of CCD detectors 
which are efficient in thi3 spectral region.
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3.3.5 CIS — Summary
Population syntheses with CIS are potentially more powerful and 
directly informative than those with the SSS, resolving composite 
systems into fractional contributions due to whole stellar populations 
of specified age and metallicity. They also have the significant 
advantage over the SSS syntheses of giving unique answers (chapter 5). 
There are still significant areas of uncertainty in the formation of 
the CIS however; uncertainties in the Isochrone tabulations, their 
placement in Log Te due to uncertainties in the mixing length ratio, 
the form of the IMF and the precise form of the Luminosity function 
for late dwarfs and uncertainties in the Helium abundance can all 
modify the resultant CIS. This means that CIS syntheses can presently 
be used only to give qualitative indications of ages, metallicities or 
IMF slopes of galaxies. The full potential of the CIS approach must 
necessarily await further theoretical work in these areas to be 
realised. Applied differentially within one cluster however, the 
evolutionary (CIS) syntheses can give valuable information on age and 
metallicity variations between galaxies. They also serve to prescribe 
more completely the constraints needed for empirical (SSS) syntheses 
of the cluster galaxies.
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3.4 CONCLUSIONS
An extensive library of flux calibrated Synthesis Standard Spectra 
(SSS) has been compiled at good (15 A) resolution and wide (0.36 - 1.0 
micron) wavelength coverage. The flux calibration is calculated to be 
accurate to 3 - 4 % over the full spectral range, and spectral lines 
of equivalent widths down to 1 A are measureable with an accuracy of 
20 %. Such a library is essential for population synthesis work of 
any kind, and provides a very useful tool for line, continuum and 
broad-band colour variations with age, metallicity and star formation 
mechanisms in any study of galaxy evolution. The present library is 
clearly adequate for the differential galactic syntheses attempted 
here, but possible future extensions and improvements include more 
observations of metal-rich dwarfs and subgiants, and more extensive 
near infra-red data for K-M giants of different metallicities.
This chapter also demonstrates how the observed SSS can be combined to 
form Composite Isochrone Spectra (CIS) appropriate to a selected grid 
of age, metallicity and IMF slope values. The CIS derived here are 
believed to be as accurate a representative basis of single epoch 
composite systems as present theoretical knowledge allows, and provide 
an invaluable tool for population synthesis work; they enable 
syntheses of observed galaxy spectra in terms of whole detached 
generations of stars. It is clear that such a grid of CIS could also 
be used to study and model galaxy evolution. Uncertainties in the 
formation of the CIS are still sufficiently significant to preclude 
the use of the CIS as anything other than qualitative indicators. 
Their potential power is obvious however, and will certainly be 
realised more fully in the future as these theoretical uncertainties 
are removed.
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CHAPTER 4
GALAXY OBSERVATIONS AND DATA REDUCTION
4.1 INTRODUCTION
Flux calibrated optical spectra (3600 - 7200 A) "have been obtained at 
a resolution of 15 - 20 A for the nuclei of 12 elliptical and 5
lenticular galaxies in the Fornax cluster (V = 1430 km/s). These 
spectra have been extended to the near infra-red (0.88 or 1.0 micron) 
for 10 of the ellipticals and 2 of the lenticular galaxies. The 
galaxies have been selected to cover a large range ( ~ 6 mag) of 
absolute magnitude and provide a good, representative sample defining 
the Colour-Magnitude (CM) diagram for the Fornax cluster. These galaxy 
nuclear spectra represent the observational data set for which 
differential population synthesis is described in the following 
chapters.
The galaxy and cluster parameters are described in section 4.2. 
Details of observations, data reduction and flux calibration (where 
these differ from those already described for the stellar 
observations) are given in section 4.3. The galaxy spectra, their line 
strength and colour variations as functions of absolute magnitude are 
described in sections 4.4 - 4.6 respectively. The conclusions of this 
chapter are given in section 4.7.
4.2 GALAXY AND CLUSTER PARAMETERS
Figure 4.1 is taken from the SRC Schmidt J survey field £58, and shows 
the central 5 degrees of the Fornax cluster; all galaxies observed in 
this work are identified in this figure. The early-type galaxy sample 
has been selected to cover a 6 magnitude range of absolute magnitude 
and to provide a good, representative sample defining the form and 
intrinsic width of the CM diagram for the Fornax cluster. The large 
range of absolute magnitude of galaxies observed in this program is 
more clearly illustrated in the frontispiece, which shows the central 
region of the cluster to a larger scale.
Figure 4.1 shows a 5 degree field centred on the Fornax 
cluster, taken from the SRC Schmidt J survey field 358. The 
galaxies observed are labelled. Points to note are the 
range of absolute magnitude covered in this work (ranging 
from the brightest ellipticals NGC1399 and NGC1404 in the 
cluster core to the faintest elliptical 0333-36 - see also 
the frontispiece for an enlargement of the cluster core) and 
the distribution of galaxies on the sky with respect to the 
cluster core.
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Early-type galaxies "have been selected where possible to be those for 
which published aperture photometry and dynamical information is 
available. The galaxies observed are listed in table 4-la, together 
with their types, velocities, measured velocity dispersions, diameters 
and coordinates. Galaxies listed with JJ numbers refer to the 
identifications given in Jones and Jones (JJ, 1980). The galaxy types 
are from i) Sandage and Tammann (RSA, 1981) or Sandage and Visvanathan 
(SV, 1978a); ii) de Vaucouleurs et al (RC2, 1976); iii) Jones and 
Jones (JJ, 1980) and iv) adopted types from RSA and RC2 and from 
careful inspection of AAT prime focus plate material for the cluster 
central regions kindly made available by Drs A L Duus and E B Newell. 
The anonymous galaxy listed as 0333-36 in table 4-la was selected from 
the AAT PF material to provide a good example of a faint elliptical in 
the Fornax cluster of absolute magnitude close to that of M32, but 
with no obvious connection to any of the bright galaxies in the 
cluster core. This galaxy is identified in figure 4.1 and the 
frontispiece. [The faint galaxy marked in the frontispiece to the NE 
of 0333-36 was also observed, but found to be a background galaxy with 
a redshift of 12,000 km/s, and is not discussed further.] The faint 
galaxy JJ104 is classified as elliptical by JJ, and appears to be a 
normal E3 galaxy on the AAT PF material. The nuclear spectrum (figure 
4.2f) shows strong [O El] (3727 A), Her and [SEE] (6730 A) emission 
together with abnormally blue colours indicative of nuclear activity. 
Et is therefore classified here as E3 emission and discussed 
separately from the early-type galaxy sample. The bright peculiar 
radio galaxy NGC1316 (Fornax A) has also been observed; this galaxy 
does not form part of the early-type galaxy sample, but observations 
are presented here and briefly discussed for convenience only.
The galaxy velocities (with repect to the Sian) from i) RSA or SV78a, 
ii) RC2 and iii) measured here by cross correlation with a K giant 
stellar template (section 4.3) are listed in columns 6 - 8 of table 
4-la. The velocities measured in this work show general, but not good 
agreement with velocities from either RSA or RC2. The internal errors 
of the cross correlation measurements are less than 50 km/s however, 
and agree well with more recent but less extensive galaxy velocity 
data (Welch et al 1975, Visvanathan and Pickles unpublished). The
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Table 4-lb Fornax Cluster Parameters
Parameter Value Ref
cluster systemic velocity v = 1430 km/s 1
Distance Moduli DM = 31.2 1
= 32. 4 2
= 31.7 6
Ad opted Mean DM = 31. 8
Corresponding Distance D = 23 Mpc
Apparent V magnitude range Observed V = 10. 3 to 16. 1 table 4-4a
Corresponding Absolute Mag range Mv = -22. 0 to -16. 2
(Absolute Mag of M32 Mv = -16. 4 2 )
Scale on sky s = 110 pc/arcsec
Observing aperture a = 5 to 7 arcsec
which transforms to 500 to 770 pc at adopted
distance
Galactic Coordinates 1 = 237
b = -54
Foreground reddening
E (B-V > meth od ref
0. 00 ± 0. 04 HI column density 3. 4
0. 00 Sand age model 5
0. 05 de Vaucouleurs model 6
0. 00 best synthesis fit chapter 6
0. 00 Ad opted
References : 1) Visvanathan (1983); 2) Sandage and Tammann (RSA< 1981);
3) Burstein and Heiles (1978); 4) Heiles and Cleary (1979);
5) Sandage (1973); 6) de Vaucouleurs et al (RC2, 1976).
4-3
measured velocities have been adopted and used to rebin (in log 
wavelength - see section 4.3.3) the galaxy data to zero redshift. The 
measured velocities have a cluster sample mean of 1440 km/s with a 
standard deviation (S) of 320 km/s. The redshifts of the faint 
galaxies 0333-36, JJ94, and NGC1375 are therefore 1.7 S greater, and 
1.8 S and 2.4 S less than the sample mean respectively. From 
positional and velocity considerations alone, we therefore consider 
that 0333-36 and JJ94 are probable but not certain cluster members, 
and that the cluster membership of NGC1375 is somewhat uncertain.
The measured nuclear velocity dispersions (Visvanathan and Pickles,
unpublished) of 11 of the observed galaxies are listed in column 9 of
table 4-la. These data are derived using the fourier quotient method
of Simkin (1974) and Sargent et al (1977), and have internal errors of
15 km/s or less (except for JJ94 whose velocity dispersion is poorly
defined). The logarithm of the isophotal diameter (D ) from RC2 is25
listed in column 10 and the galaxy coordinates (from JJ and AAT 
pointing) given for convenience in columns 11 and 12.
Important parameters appropriate to the Fornax cluster as a whole are 
summarised in table 4-lb. The adopted distance modulus of 31.8 implies 
a distance of 23 Mpc, and means that the observing apertures used are 
sampling the central "700 pc of each cluster galaxy. The range of 
apparent V magnitude observed transforms to a range of absolute 
magnitude from - -22.0 to = -16.2. Uncertainty in the adopted
distance modulus clearly affects these parameters somewhat, but the 
faintest elliptical observed (0333-36) is intrinsically about as faint 
as the well studied nearby elliptical M32. The Galactic coordinates 
show the Fornax cluster to be situated well out of the plane, with 
little or no Galactic reddening (see also chapter 6).
4.3 OBSERVATIONS AND DATA REDUCTION
The galaxy observations reported here were obtained using the same 
telescope and detector/instrument combinations as already described 
for the stellar observations (chapter 2), together with further 
optical spectra (3600 - 7200 A) of the faint galaxies obtained with
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the IPCS detector at the Anglo Australian Telescope (AAT). The 
galaxies observed are listed in table 4-2, together with their total 
exposures (in seconds) obtained at 3even different wavelength regions. 
The telescopes (Mount Stromlo Observatory 1.9m and AAT 3.9m) and 
Instruments used are listed for each wavelength region, together with 
the observing dates. The elliptical galaxies comprise the principle 
sample and have generally better (longer) observations compared to the 
lenticulars. The lenticular galaxy NGC1381 was observed only once in 
the red (5600 - 8500 A), and the nuclear spectrum of this galaxy is 
relatively poorly determined here. The faintest lenticular NGC1380B 
was observed only at MSO, and the bright night sky conditions (~50 % 
of this galactic continuum at V) at this site seriously limits the 
accuracy (particularly spectral line definition) which can be achieved 
for this faint galaxy. All data were reduced on the MSO VAX 11/780, 
using the PANDORA data reduction software.
4.3.1 PCA, IDS and CCD Observations and Data Reduction
The observational details and data reduction of spectra obtained with 
these instruments are the same as already described for the stellar 
observations (chapter 2). Galaxy observations were taken for a 
maximum of 1000 s exposures (or 2000 s when close to the zenith) and 
flux calibrated seperately before averaging to ensure good extinction 
corrections. Great care was taken to ensure good wavelength
calibration and sky subtraction, particularly for the faintest 
galaxies observed on the MSO 1.9m telescope with the PCA, where the 
bright night sky at Mount Stromlo was a substantial fraction ( <50 %)
of the faintest galaxy signal. The apertures used were two 5x7 arcsec 
rectangles for the PCA, and 6 arcsec circles for the IDS. For the CCD 
observations, the entrance slit was 2.1 arcsec, and the central 6 rows 
(6 arcsec) of data added to form a nuclear spectrum. The CCD data 
reduction prior to flux calibration and spectral combination was 
performed by Dr D Carter. The spectral resolutions are as described 
before; 15 A for the PCA spectra, 17 A for the IDS spectra and 10 A 
for the spectra obtained with the RGO CCD.
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4.3.2 IPCS Observations and Data Reduction
The optical (3600 - 7200 A.) spectra of the fainter elliptical galaxies 
were obtained with the RGO spectrograph and IPCS detector (Boksenberg 
1972) at the f/8 cassegrain focus of the AAT on one night of October 
1981. The 250B grating was used in first order with blasse to 
collimator to give a reciprocal dispersion of 156 A/mm. A long slit of 
width 4.4 arcsec was used to give a projected slit resolution of 20 A. 
The extended memory was used to give 90 spatial rows of 1000 spectral 
pixels each. The spectral sampling resolution was 4 A per pixel, with 
a spatial (row) resolution of 2.5 arcsec. Flat-field frames of an 
internal white light source were taken before the observing run and 
used to remove both fixed pattern photocathode noise and gross 
sensitivity changes. Twilight observations were used to check the tube 
response along the slit.
Wavelength calibrations and checks on positional stability were 
provided by making frequent observations of a CuAr arc through a 
narrow slit. The arc exposures taken before and after each galaxy 
observation were averaged, and separate calibrations of wavelength as 
a function of data channel made for each spatial row. Each row of each 
galaxy image was then rebinned onto the same linear grid with equal 
wavelength (4 A) increments. This full 2-D wavelength calibration and 
rebinning procedure enables removal of the (variable) tube 'S’ 
distortion and flexure, and means that sky subtraction and addition of 
seperate exposures cam be performed accurately. Sky subtraction was 
performed by averaging rows away from the galaxy, and away from the 
(few) vignetted rows at either edge of each image, and subtracting the 
average from the galaxy data.
For each galaxy observation, the three central rows (7.5 arcsec) were 
summed and flux calibrated before being combined with the other galaxy 
data. The IPCS tube was used shortly after an accidental bright light 
exposure on a previous run had reduced the sensitivity of the central 
portion of the photocathode. Observations of white dwarf standard 
stars (Oke 1974) and a secondary white dwarf standard close to the 
Fornax cluster were taken frequently during the night to check for 
possible temporal sensitivity variations. No temporal variation in
4-6
the tube response was found, and calibration curves were averaged to 
provide a single curve for the calibration to absolute flux of the 
wavelength calibrated, 3ky subtracted data.
4.3.3 Combination of Galactic Spectra from different Wavelength 
Regions
The galaxy spectra from all instruments have been combined together in 
a manner similar to that described for the stellar spectra (chapter 
2). All the galaxy spectra were initially rebinned onto a uniform 
grid of pixel size 3 A, and combined together interactively. Flux 
normalisation regions were taken at 6000 - 6200 A for the optical 
spectra, and 0.70 - 0.73 micron or 0.80 - 0.83 micron for the 
combining of optical to near infra-red spectra. Redshifts were 
determined by rebinning each galaxy spectrum to equal increments in 
log wavelength, and cross-correlating with a K giant stellar template 
(Simkin 1974). The spectra were then shifted (tapered sine 
interpolation) to remove the measured redshift, and rebinned back to 
the wavelength grid.
4.4 GALAXY NUCLEAR SPECTRA
The flux calibrated spectra of the nuclei of all the galaxies are 
presented in figures 4.2 (a-f). The ordinate for all these plots is 
F( X ) (Flux per unit wavelength at wavelength X), with all galaxies 
being normalised to 100 at V. The scale shown refers to the lowermost 
spectrum in each figure, with the offset zeros of the other spectra 
being indicated at the blue edge of each spectrum. All galaxy spectra 
have been shifted to a velocity frame at rest with respect to earth. 
The spectra are arranged in order of decreasing nuclear V magnitude, 
for the ellipticals (figures 4.2a-c) and lenticulars (figure 4.2d) 
seperately. Figure 4.2e shows the nuclear spectrum of the faintest 
lenticular NGC1380B, together with that of the bright radio galaxy 
NGC1316 which is included here for convenience. Figure 4.2f shows the 
nuclear spectrum of the emission line galaxy JJ104. Prominent 
features are indicated in the spectra, and the resolution obtained 
(~15 A) clearly resolves many more, weaker features, due mainly to 
Iron. The galaxies observed cover a large range (“6 mag) of absolute 
magnitude, and the changing colours and line strengths as a function
Figures 4.2 (a-f)
The flux calibrated spectra of the nuclei of all the 
galaxies are presented. The ordinate for all these plots is 
F( X ) (Flux per unit wavelength at wavelength X), with all 
galaxies being normalised to 100 at V. The scale shown 
refers to the lowermost spectrum in each figure, with the 
offset zeros of the other spectra being indicated at the 
blue edge of each spectrum. All galaxies have been shifted 
to a velocity frame at rest with respect to earth, and are 
labelled at the blue and red wavelength ends of each 
spectrum. The elliptical galaxy spectra are shown in order 
of decreasing nuclear V magnitude in figures 4.2 (a-c), with 
prominent features marked and alternate spectra thickened 
slightly to clearly distinguish them. The lenticular 
galaxies are shown in figure 4.2d, in order of decreasing 
nuclear V magnitude. The nuclear spectrum of the faintest 
lenticular NGC1380B is shown in figure 4.2e, with that of 
the bright radio galaxy NGC1316 being included here for 
convenience. The nuclear spectrum of the emission line 
galaxy JJ104 is shown alone in figure 4.2f.
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of galactic luminosity are clearly apparent. These variations with 
luminosity are discu33ed more fully in the following two sections.
As described in the preceding section, the wavelength coverage is not 
uniform, extending to one micron for 4 ellipticals, the brightest 
lenticular (NGC1380) and the peculiar radio galaxy NGC1316. The 
faintest galaxies (JJ104 and 0333-36) have been observed to a red 
wavelength limit of 0.72 micron, and other galaxies have intermediate 
wavelength coverage. Some poor removal of the strong atmospheric 
oxygen bands at 7600 A and 6800 A are evident, but the spectra are of 
a generally high quality, with good signal to noise ratios achieved at 
all wavelengths except for the red ends of NGC's 1387, 1381 and 1375, 
observed on the MSO 1.9m telescope only (table 4-2). The quality of 
the near infra-red (NTR) observations is generally good, with the 
Ca II triplet feature (8498, 8542, 8662 A) clearly defined in all 
galaxies with IDS or CCD observations at these wavelengths. The 
dwarf-strong Na I doublet at 8190 A is also clearly visible in the 
spectra of the brighter galaxies, but never exceeds 2 A equivalent 
width. [The nuclear spectrum of NGC1316 (figure 4.2e) is very bright 
at wavelengths longer than V, and is clearly distinct from either the 
elliptical or the lenticular samples in this study, with strong M-type 
spectral features clearly apparent. The faint galaxy JJ104 (figure 
4.2f) has prominent emission lines, together with prominent Balmer 
absorption features in the blue. The absorption line regions of this 
galaxy have been synthesised (chapter 6) with a weighting function 
which is zero for the emission line regions.]
4.5 GALAXY LINE STRENGTHS
The strengths of several prominent absorption lines have been measured 
for the galaxy nuclear spectra, and are plotted versus calculated 
nuclear V magnitude (see next section) in figures 4.3 (a-i). The 
procedure used to measure the plotted Local Equivalent Widths (LEW in 
Angstrom) is as described in section 3.2.6 for the Synthesis Standard 
Spectra. The same feature and 'local continuum' wavelength bands are 
used, and are listed in table 3-4. The elliptical and lenticular 
galaxies are plotted in figures 4.3 (a-i) as filled and open circles 
respectively, with seperate symbols being used to indicate the bright
Figures 4.3 (a-i)
The Local Equivalent Widths (LEW in Angstrom) of several 
prominent features measured in the galaxy nuclear spectra 
are plotted against calculated galaxy nuclear V magnitudes. 
The features measured are indicated in each figure, and use 
the same feature and local continuum bandpasses as defined 
for the Synthesis Standard Spectra in table 3-4. Feature 
LEW measured for ellipticals and lenticulars are plotted as 
filled and open circles respectively, seperate symbols being 
used to denote the bright radio galaxy NGC1316 and the 
emission line galaxy JJ104. The lines drawn indicate the 
mean regression obtained by taking the feature LEW and 
calculated nuclear V magnitude in turn as the independant 
variable, for the ellipticals only. Two sigma error bars are 
indicated for a single observation in each figure.
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radio galaxy NGC1316, and the emission line galaxy JJ104. Two sigma 
error bars are indicated on a single observation in each figure, and 
lines have been drawn to indicate the trend with nuclear V magnitude 
(if any). Because there are observational errors in both parameters 
plotted, these lines are calculated by forming the mean regressions 
(talcing first measured LEW and then nuclear V magnitude as the 
independent variable) for the ellipticals only.
The corresponding LEW measurements for the Composite Isochrone Spectra 
(CIS - introduced in chapter 3) of Initial Mass Function (IMF) slopes 
s = 2.35 and 4 are given in tabular form for comparison in table 4-3. 
The measured LEW for CIS of IMF slope s = 1 are very similar to those 
measured in CIS of IMF slope s = 2.35, and are not given in this 
table. The individual plots of galaxy LEW measurements are now 
described in terms of their primary usefulness as metallicity or 
luminosity indicators.
4.5.1 Metallicity Indicators
Figure 4.3a shows the Mg I (Mgb and MgH) LEW measured in the galaxy 
nuclear spectra, plotted versus calculated nuclear V magnitude. This 
figure shows a general decrease (by a factor of about 2.5) in the Mg I 
feature strength over the full nuclear magnitude range covered by the 
observations. The scatter about the mean elliptical regression line is 
reasonably small, but significantly higher than expected due to 
observational errors alone. The lenticulars follow the trend indicated 
by the ellipticals quite closely, although NGC1375 has an anomolously 
low measured Mg I LEW. Although the Mg I index shows both metallicity 
and luminosity seperation in stars (figure 3.3a), spectral synthesis 
work by Mould (1978) showed that the strength of this feature varied 
little with slope of the IMF in composite stellar systems; this fact 
is generally verified in the present work. The Mg I LEW measured in 
the CIS are listed in table 4-3 and show that the CIS of IMF slope 4 
have Mg I LEW stronger by a factor of about 1.2 than the corresponding 
CIS of IMF slope 2.35 (or 1). The measured Mg I LEW vary by a factor 
of 2 however, between the metal-rich and metal-weak CIS. The 
variation with metallicity of the Mg I LEW is underestimated in table 
4-3, because of the lack of metal-rich dwarf and subgiant stars in the
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stellar library from which the CIS are formed; dwarf and subgiant 
stars together can contribute substantially to the total light at 5200 
A. The variation with metallicity of the Mg I feature strength is 
therefore much higher than the slight variation with IMF slope. The 
Mg I feature is thus an excellent metallicity indicator in composite 
stellar systems.
Figure 4.3b shows the measured NaD LEW as a function of calculated 
nuclear V magnitude. The NaD feature shows strong luminosity 
seperation for K-M stars, but shows also good metallicity seperation 
for K giants (figure 3.3b); the range of NaD EiEW measured in these 
composite systems (2 to 8 A) refers principally to G-K stars (figure 
3.3b). This feature strength therefore measures direct metallicity 
variations in G-K giants, and also measures variations in the K dwarf 
to giant ratio at 5900 A, again due to metallicity variations shifting 
the Isochrone positions in the HR diagram. Figures 3.5 (6,15,24) show 
how the K dwarf component in the CIS vary from greater than, to much 
less than, the K giant component as the metallicity decreases. The 
principle factor controlling variation in this index is therefore 
metallicity, but there is some indication that the highest measured 
NaD LEW in the brightest ellipticals (NGC’s 1399 and 1404) and in 
NGC1316 require a significant mid-late M dwarf component (see table 
4-3 which shows that high NaD LEW are achieved only in CIS of IMF 
slope s - 4). It must be born in mind however, that higher NaD LEW 
could be achieved in metal-rich systems by the inclusion of metal-rich 
K dwarf synthesis groups, and the observed range of NaD LEW could 
therefore be explained by metallicity variations alone.
Figure 4.3d shows the measured composite metal I.EW as a function of 
calculated nuclear V magnitude (see table 3-4 for a description of the 
lines included in this composite metal line index). Again there is a 
clear decrease (of a factor of 4) in the measured LEW over the full 
magnitude range. This composite feature index is essentially 
unaffected by luminosity variations (figure 3.3f) or by variations in 
the IMF slope (table 4-3), and therefore represents the best 
metallicity calibrator available in the present work.
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Figures 4.3 e,f show the measured CN (uv and NIR) T.EW as functions of 
calculated nuclear V magnitude. The uv CN feature is another good 
metallicity indicator, with little luminosity dependence (fig 3.3g), 
and shows a decrease (by a factor of about 3) over the full magnitude 
range of the galaxies observed. Only a few bright galaxy nuclear 
spectra extend up to the NIR CN feature at 9200 A. The measured LEW 
for these galaxies plotted in figure 4.3f again indicate a decrease 
with nuclear V magnitude, although the magnitude range is too small 
for any real variation to be determined.
There is a problem with the 'local continuum' in the uv to visual 
spectral region, since the adopted continuum bands (table 3-4) are 
themselves depressed due to metal line absorption in metal-rich 
systems. The metallicity indicator LEW of the brighter, stronger lined 
galaxies are therefore underestimated in the measurements given here, 
and real feature strength variations of more than 3 over the full 
magnitude range are implied. Since the lines measured in these 
features are all strong, on the square root part of the curve of 
growth, index variations of 3 to 4 indicate metallicity variations of 
about 10 to 16 over the full magnitude range, with the higher value 
being favoured. This range of feature strength is similar to the 
variation found in previous work on the Mg I index variation in 
galaxies in clusters by Faber (1973) and Visvanathan (1979). The 
indicated metallicity variation is similar to or slightly higher than 
the range covered by the metallicity grid adopted for the CIS (a 
factor of 10). Because there are no metal-rich dwarf synthesis groups, 
it is also true that the measured galactic feature variations exceed 
those measured in any CIS (table 4-3). Since the CIS are used as 
qualitative indicators only, this is not a significant problem.
4.5.2 Luminosity Indicators
Figure 4.3 g shows the measured Ca II (K4-H) feature LEW as a function 
of nuclear V magnitude. The uv Ca II feature strength is essentially 
constant for all galaxies. Since this feature shows primarily 
luminosity seperation in G-K stars (figure 3.3d), which dominate the 
galactic light at these wavelengths, this indicates that the ratio of 
dwarf to giant light is rougly constant at short (3900 A) wavelengths.
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This corresponds with the roughly constant feature LEW measured in CIS 
of different metallicty, age and IMF slope (table 4-3).
Figure 4.3c shows the measured NIR Na I LEW as a function of 
calculated nuclear V magnitude. This feature shows clear luminosity 
oeperation for M stars (figure 3.3c); a strong measured LEW in 
composite systems would provide an immediate, firm indication of the 
presence of a significant component of late M dwarfs, and emphasises 
the importance of good data in the NIR wavelength region to population 
synthesis. The measured galactic NIR Na I LEW are of order 2 A or 
less however, and figure 3.3c shows that feature strengths of this 
magnitude CAN be provided by various combinations of G-K dwarfs and 
metal-rich G-K giants. A high M dwarf component (and consequently 
high mass to light ratio) is therefore not necessary to synthesise the 
measured Fornax galaxy NIR spectra. At least some of the general 
feature strength decrease with absolute magnitude is attributable to 
metallicity variations, but the data do also permit a slightly 
decreasing M dwarf contribution (and hence mass to light ratio) with 
decreasing luminosity.
Figure 4.3h shows the variation of the measured NIR Ca II LEW with
measured nuclear V magnitude. O'Connell (1976a) has drawn attention
to the variation of his Ca II + TiO (8542 A) index as a function of
absolute magnitude. His results appear to indicate an increasing
feature strength with decreasing magnitude, until a turnover occurs
near M ~ -20 (V ~14 for the Fornax cluster). The present results v nuc
seem to indicate a distribution of feature strength which is bimodal 
and independent of absolute magnitude however, with NIR Ca II LEW 
clustered around two values (~6 A and ~12 A) for galaxies at all 
magnitudes. Figure 4.3h is in fact QUITE SIMILAR to the plot of Ca II 
feature strengths presented by O'Connell (1976a - his figure 2), with 
NIR Ca II LEW strengths measured here transforming to feature indeces 
between 0.06 and 0.15 mag in O'Connell's system (the band pass of the 
Ca II feature measured here is taken as 95 A). The range of absolute 
magnitudes covered is also quite similar in both data sets.
Taking the data in these two figures together, it seems more 
reasonable to conclude that there is a broad range (factor of 2 or
4-12
greater) of NLR Ca II feature strengths in early-type galaxies, and 
that this range is independent of absolute magnitude. Because the NIR 
Ca ri feature is primarily a luminosity discriminant in K to early M 
stars (figure 3.3.e) this could be taken to imply a broad range of 
permissible mass to light ratios in composite systems, independent of 
absolute magnitude. The NIR Ca II feature is contaminated by TiO band 
absorption longwards of 8200 A in late M stars however, and the 
usefulness of a simple feature strength as a luminosity discriminant 
in composite systems with significant M star light is seriously 
degraded. Significant variation in this feature strength can be 
achieved by altering slightly the relative numbers of stars in the 
late M synthesis stellar groups, and thus this feature STRENGTH may 
say more about the details of the relative star numbers at the tip of 
the giant branch than give direct information on M dwarf to giant star 
ratios. The near infra-red region clearly does provide strong 
observational constraints on the late M dwarf to giant star ratio 
(which essentially determines the galactic mass to light ratio), but 
it is probably not sufficient to synthesise merely the total feature 
strengths; the detailed shape of the galaxy spectra at these 
wavelengths must also be successfully matched.
4.5.3 Balmer Line Strengths
Figure 4.3i shows the measured HI (af/3) feature LEW plotted as a 
function of calculated nuclear V magnitude. The galaxies NGC1316, 
NGC1387 and JJ104 have Ha in emission, as indicated in the figure.
The elliptical galaxies show a clear trend towards increasing Balmer 
line intensities with decreasing magnitude, of a factor of about 2 
over the full magnitude range. This is reflected in the CIS (see table 
4-3) and indicates the growing dominance of bluer main sequence 
turnoff star light at these wavelengths (particularly Hß at 4861 A) 
due to the blueward shift of the isochrones with decreasing 
metallicity (see figure 3.4).
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4.6 SPECTROPHOTOMETRIC PROPERTIES OF THE GALAXY NUCLEAR 
SPECTRA
The colours of the program galaxies have been calculated in the same 
manner as described for the stellar observations in chapter 2, by 
convolution of two filter system transmission profiles with the flux 
calibrated galaxy nuclear spectra. The two systems used here are the 
Kron/Cousins (Cousins 1980) UBVRI system and the Visvanathan/Sandage 
ubVr and Vrlv (Visvanathan and Sandage 1977, Visvanathan 1983 - 
referred to here collectively as VS) system. The calculated galaxy 
nuclear (6 arcsec aperture) colours and magnitudes have been compared 
with the fully corrected, large aperture photometry taken from 
Griersmith (1982) for the UBV photometry, and from Sandage and 
Visvanathan (1978a) for the ubVr photometry. Additional (V-Iv) 
photometry of several program galaxies has been kindly made available 
prior to publication by Dr N Visvanathan. These comparisons enable a 
good external check on the photometric accuracy of the present 
observations, and also highlight galaxies whose nuclear colours are 
significantly different from those applicable to the whole galaxy.
4.6.1 Spectrophotometric Calibration on the Cousins UBVRI and 
Visvanathan and Sandage ubVr and Vrlv Systems
The UBV spectrophotometry calculated on the galaxy nuclear spectra 
uses the standard B3,V filters described in chapter 2. Because the 
(U-V) colour is very useful, both as a metallicity indicator and to 
maximise the colour variation in the galaxy colour-magnitude diagram, 
this colour has also been calculated for all the galaxy nuclear 
spectra. A U36 filter has been formed by truncating the standard U3 
filter (see figure 2.2) at 3600 A, and calibrating the derived (U36-V) 
colour against the corrected Vilnius standard spectra (Straizys and 
Sviderskiene 1972) for spectral types A-K and all luminosity classes. 
Because this procedure involves removing almost half of the real U 
filter transmission, the calibration is far from perfect, with an 
intrinsic calibrational scatter of 0.04 mag. This error is acceptable 
for the present purposes where we are interested in fairly large scale 
colour changes.
The VS ubVr and Vrlv system consists of the standard V filter combined 
with several narrow band filters centred at 3550 A, 4520 A, 6750 A and
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1.05 micron for the u, b, r and Iv filters respectively (the u filter 
is actually a composite of two narrow band filters, centred at 3466 A 
and 3625 A). In order to calculate the colours of the galaxy spectra 
on the VS 3y3tem, the narrow band filter transmissions have been 
approximated by gaussians of two sigma width 300 A, centred at 3800 A, 
4520 A, 6750 A and 9800 A for the u', b', r' and IV filters 
respectively. The magnitude zero points for each filter have been 
calculated by measuring the colours on this system of the 3 subdwarfs 
given as standards by Sandage and Visvanathan (1978a), and for which 
published, flux calibrated spectra exist (Rartkevicius and 
Sviderskiene 1981, Oke and Gunn 1983). The magnitude zero point for 
the (V - I V ) colour is defined by setting the calculated colour of an 
A0 V star to zero.
Slope terms in the calculation of the (u'-V) and (V-IV) colours might 
be expected to be different from unity because the filters used in 
these colours are necessarily not centred at the correct wavelengths. 
The calculated colours appear to match the standard values for various 
spectral types with slope terms of unity however, and have been 
calculated as such. The expected errors for the (u'-V) and (V-IV) 
colours are somewhat higher than for the other two colours because of 
these difficulties. The adopted slope terms may lead to errors in the 
calculated colours for spectral types different from the calibrating 
subdwarfs.
4.6.2 Comparison with Published, Corrected Aperture Photometry 
UBV Photometry
The calculated nuclear V magnitudes and U36B3VRI colours of the galaxy
nuclear spectra are given in table 4-4a, together with the fully
corrected UBV aperture photometry taken from Griersmith (1982). The
calculated nuclear V magnitudes have an internal error of 0.16 mag,
calculated from repeated observations of all the galaxies. The
reqression of V with the V magnitudes (total magnitude inJ nuc -0.3
aperture of half effective galaxy diameter) shows a higher deviation 
about the regression line (S ) of 0.34 mag however (see table 4-4a,y r x
bottom), indicating real variations in the radial luminosity profiles
bl
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of the different galaxies. The slope of this relation is not expected 
to be unity because the fixed observing aperture samples larger 
fractions of the galactic light for fainter galaxies than for brighter 
galaxies.
The regression given in table 4-4a predicts a V_q  ^magnitude of 16.1 
+ 0.3 for the faintest elliptical 0333-36. The range of absolute 
magnitudes covered in this sample is therefore almost 6 magnitudes.
The calculated nuclear (B3-V) colours are very similar to the 
corrected large aperture (B-V) colours, particularly for the better 
observed elliptical galaxies. The slope of the regression line (1.35) 
is not unity, but has a large associated formal error (0.15). In fact 
the standard deviation about a line of slope unity ( S ^ see chapter 
2) is 0.035 mag which is essentially equal to the deviation about the 
regression line (S ), indicating that the line of slope unity is any»x
equally good fit to the data. There is a small (0.01 mag) mean 
difference between the two colours, which indicates slight nuclear 
reddening but is probably not significant. The small error in the 
(B-V) colour comparison indicates the high photometric precision of 
the galaxy spectra, which is about 3 % at these wavelengths allowing 
for real colour variations as a function of aperture.
The corresponding error (S _ ) for the calculated (U36-V) colour when 
compared with the large aperture values is 0.11 mag. A small fraction 
(~0.04 mag) of this is due to the relatively poor internal calibration 
of this colour, and some is due to actual photometric errors in the 
flux calibrated spectra. There seems clear evidence however for 
significant variations in this colour as a function of aperture, with 
reasonably large variations from galaxy to galaxy. The calculated 
(Ü36-V) colours indicate that the galaxy nuclear colours are redder 
than those appropriate to the galaxy as a whole, but this is not 
confirmed by the calculated (u'-V) colours (below). The calculated 
Cousins VRI colours of the galaxy nuclear spectra use the full R,I 
filter transmission curves for those galaxies with extended red 
wavelength coverage. Values of (V-R) and (V-I)^ given in parentheses 
in table 4~4a are calculated using the truncated filter transmission 
values (R82, 182 - see chapter 2).
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ubVr and Vrlv photometry
The calculated nuclear u'b’Vr'Iv' colours of the galaxy spectra are
given in table 4-4b, together with the corrected colours and
magnitudes on the VS ubVr system, taken from Sandage and Visvanathan
(1978a), and measured (V-Iv) colours kindly provided prior to
publication by Dr N Visvanathan. The calculated nuclear V magnitudes
correlate with the published V magnitudes (total magnitude within26
the 26th magnitude per square arcsec isophote) with a standard
deviation (S ) of 0.3 mag. As is to be expected this is similar to Y/X
the fit obtained with V-0.3
The calculated (b’-V) colours correlate well with the large aperture 
values, with a standard deviation of 0.03 mag about the line of slope 
unity, and a mean zero point shift which is essentially zero. This 
confirms the 3 % photometric accuracy of the spectra in these
wavelength regions.
The calculated (V-r') colours correlate very well with the large
aperture values, with a standard deviation (S ) of less than 0.02y-x
mag. Two galaxies, NGC.1316 and NGC1375, have been excluded from this 
regression, as their nuclear colours at red wavelengths are quite 
different from their large aperture values. There is no evidence to 
suggest any errors in the present spectrophotometry. NGC1375 was 
observed many times and has a low internal error from repeated 
measurements (0.02 mag) at these wavelengths. NGC1316 was observed 
only once at these wavelengths, but both galaxies were observed in 
exactly the same conditions as other sample galaxies whose colours 
compare well with their large aperture values. These discrepant values 
indicate real colour changes towards the nuclei of these galaxies, 
with NGC1316 being significantly redder, and NGC1375 significantly 
bluer in their nuclei than in the surrounding galaxy material.
The calculated (V-Ivr ) nuclear colours correlate very well for 5 
galaxies with near infra-red observations (excluding NGC1316). The 
standard deviation of less than 0.02 mag again indicates good 
photometric precision at these wavelengths, although the low mean zero
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point deviation may be fortuitous considering the rather crude 
calibration of this synthetic colour. The nuclear (V-Iv') colour for 
NGC1316 is again significantly redder than its large aperture value 
however. The veracity of this situation is born out by examination of 
the individual aperture measurements for this galaxy. The 
photoelectrically measured (V-Iv) colour of NGC1316 is 1.87 through a 
91 arcsec aperture, rising to a value of 1.99 through a 45 arcsec 
aperture. The significant reddening of NGC1316 towards the nucleus may 
be simply a consequence of dust in this galaxy, but may also indicate 
a strong M star component in this galaxy. The very blue measured 
(V-Iv) colour of 1.56 for the lenticular NGC1375 also supports the 
veracity of the measured spectrum for this galaxy.
The calculated (u’-V) colours have a deviation (S ) of 0.10 mag wheny-x
compared to the large aperture values. This is similar to that derived 
for the (U36-V) colour above, and confirms real colour variations as a 
function of aperture at short wavelengths. The mean zero point 
difference (<y-x>) is zero for this colour, quite different from that 
derived above for (U36-V). This discrepancy may be due to the 
previously mentioned difficulties with the (u'-V) colour calibration. 
Because the calibration of (U36-V) was performed over a large range of 
spectral types, this calculated colour index is to be preferred over 
that of (u’-V). The errors in (u’-V) and (U36-V) due to misplaced or 
truncated filter transmission profiles are unavoidable in the present 
work however.
4.6.3 Spectrophotometrically Measured Nuclear Colour-Magnitude 
Relations
Figures 4.4a,b show the calculated galaxy nuclear (U36-V) and (B3-V) 
colours plotted as functions of calculated nuclear V magnitude, with 
symbol definitions as used previously. The mean nuclear 
colour-magnitude relations are given in table 4-4c and shown as ridge 
lines defining the average of two regressions, taking first colour and 
then nuclear V magnitude as the independent variable, for both 
elliptical and lenticular galaxies. Lines denoting two sigma 
deviations (of the ellipticals) about the mean relations are also 
shown in figures 4.4a,b. The nuclear colour-magnitude relations shown 
are both well defined, and emphasise the uniformity (with a few
Figures 4.4 a,b
The calculated nuclear (U36-V) and (B3-V) colours are 
plotted against calculated nuclear V magnitudes in figures 
4.4 a,b respectively. The symbols used to distinguish 
ellipticals and lenticulars are the same as used in figures 
4.3. The calculated mean colour-magnitude relations are 
shown as ridge lines defining the mean regressions formed by 
taking both colour and nuclear V magnitude as the 
independent variable, for the early-type galaxies only. Two 
sigma deviation lines are shown to either side of the mean 
regression lines.
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interesting exceptions) of the Fornax sample galaxies. The elliptical 
galaxies in particular provide an excellent sample of galaxies 
covering a large range of the CM relation, defining both the slope of 
this relation and the intrinsic width due to cosmic dispersion.
The slopes of the two nuclear colour-magnitude relations for 
ellipticals are -0.17 and -0.06 mag/mag for (U36-V) and (B3-V) 
respectively, with scatter about the mean regression lines of 0.10 mag 
and 0.03 mag for the relations in (U36-V) and (B3-V) respectively 
(table 4—4c). These values are similar to those expected due to cosmic 
dispersion. If the derived colour-nuclear magnitude relation slopes 
for ellipticals only are corrected to those expected as functions of 
total V magnitude (6 magnitude range) rather than nuclear V magnitude 
(4 magnitude range), we obtain values almost identical to the standard 
CM values for early-type galaxies of -0.11 and -0.04 mag/mag for (U-V) 
and (B-V) respectively (3ee eg. Griersmith 1982). The bright radio 
galaxy NGC1316 is even more discrepant (ie. too blue) in these nuclear 
colour magnitude relations than it is in the total galaxy CM relations 
(Griersmith 1982), which may be due to its intrinsic peculiarities, or 
due to it being possibly a foreground galaxy. The lenticular galaxy 
NGC1375 is also quite discrepant in its nuclear colours, being too 
blue in (B3-V). The emission line galaxy JJ104 is not plotted in
figures 4.4a,b.
4.6.4 Spectrophotometrically Measured Nuclear Colour-Colour Relation
The calculated galaxy nuclear (U36-V) colours are shown plotted
against the calculated (V-I) colours in figure 4.5, with the samec
galaxy symbol definition as used previously. The early-type galaxies 
(ellipticals and lenticulars, excluding NGC1316, NGC1381 and JJ104) 
form a well defined sequence in this colour-colour plot. The mean 
colour-colour relation is listed in table 4-4c and shown in figure 4.5 
by a ridge line defining the mean of two regressions (taking each 
colour in turn as the independent variable) and an envelope defined by 
two sigma deviation lines (0.15 mag in (V-I)c ) to either side of the 
ridge line. Within this envelope, the brighter galaxies lie towards 
the redder corner, and the fainter galaxies towards the bluer corner. 
Typical two sigma observational error bars for a single observation
Figure 4.5
The calculated galaxy nuclear (U36-V) colours are plotted 
against the calculated (V-I)c colours, with the same galaxy 
symbol definition as used in figures 4.3, and each galaxy 
point labelled. The calculated mean colour-colour relation 
is shown as a ridge line defining the mean regression, 
taking both colours in turn as the independent variable for 
the early-type galaxies only and excluding NGC1381. Lines 
showing two sigma deviations from the mean regression line 
are drawn in the figure. Also shown plotted are the 
calculated colour-colour positions of the Composite 
Isochrone Spectra (CIS) of IMF slope s - 2.35. Different 
symbols denote the metal-rich (Z - 0.04), solar (Z = 0.017) 
and metal-weak (Z = 0.004) abundance sequences. The three 
age values (5, 10 and 15 Gyr) appropriate to each CIS 
abundance sequence are labelled, and joined by lines 
connecting points of similar abundance. Typical two sigma 
error bars are indicated for the elliptical galaxy NGC1427. 
Arrows emanating from the W102 (metal-weak, 10 Gyr, IMF 
slope 2.35) CIS position show how the measured colours of 
this CIS change following labelled parameter variations 
which are discussed in the text.
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)
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are Indicated for the elliptical galaxy NGC1427. The lenticular galaxy 
NGC1381 is discrepant in this colour-colour plot, but only one 
observation at red wavelengths was obtained on the MSO 1.9m telescope 
(table 4—2) and the (V-I) colour may be wrong. The observational 
errors increase slightly for the fainter galaxies, and this is born 
out by the increased scatter in the relation towards the fainter, 
bluer galaxies. An arrow in figure 4.5 shows the galaxy colour change 
appropriate to dereddening by E(B-V) - 0.05.
Also included in this colour-colour diagram are the abundance 
sequences defined by the Composite Isochrone Spectra (CIS) introduced 
in chapter 3. The calculated colours of the CIS of IMF slope s ■= 2.35 
are plotted seperately for the metal-rich, solar and metal-weak 
abundance sequences (Z = 0.04, 0.017 and 0.004 respectively). Each 
sequence is connected by lines joining the 5, 10 and 15 Gyr age 
values, which are labelled in the figure. The points marked refer to 
CIS of Initial Mass Function (IMF) slope s = 2.35, Helium abundance 
Y-0.23 and ratio of mixing length to pressure scale height 1/h = 1.6. 
Arrows emanating from the W102 (metal-weak, 10 Gyr, s-2.35) CIS 
indicate the measured colours of this CIS following the labelled 
changes in these parameters. Similar changes apply to the other CIS 
points. The colours calculated for CIS of IMF slope s = 1 are almost 
identical to those plotted (for CIS of IMF slope s = 2.35), and are 
not marked on this diagram. The calculated CIS colours show general, 
but not good agreement with the observed galaxy colours. Because of 
uncertainties in Isochrone placement, Helium abundance and M giant 
bolometric corrections (see chapter 3), the CIS colour values must be 
regarded as schematic only, indicating the expected general locations 
of single epoch (of formation) stellar systems of given abundance and 
age. The areas of agreement and disagreement between calculated (CIS) 
and observed galaxy colours are now discussed, and the effects of 
various CIS parameter changes calculated and noted.
The bolometric correction (BC) adopted for late M giants is important 
in determining the red flux of the CIS, particularly the oldest 
metal-rich (R152) CIS with the largest late M giant contribution. An 
arrow labelled BC shows how the colour of this R152 CIS would change 
if the BC of the latest giant group were to be increased by 0.2 mag.
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The calculated CIS colours appear to match the calculated bright 
galaxy colours quite well. No galaxies have calculated colours as red 
as those of the metal-rich CIS sequence however, although strong Mgb, 
NaD and metal line strengths in the brighter galaxy spectra clearly 
indicate that these galaxies contain substantial metal-rich stellar 
components (see section 4.5). The lack of precise correspondence here 
between the galaxy and CIS colours seems to indicate that a further 
change is necessary in the adopted mixing length ratio (1/h). An 
arrow in figure 4.5 shows where the W102 CIS would lie if the Yale 
Isochrone value of 1/h = 1.0 were adopted instead of the value of 
1/h = 1.6 used here (see chapter 3). This change would exacerbate the 
discrepancy between bright galaxy and metal-rich CIS colours, and 
indicates rather that a higher value of at least 1/h = 2.0 is 
necessary to achieve reasonable correspondence between metal-rich CIS 
colours and those of the observed bright galaxies.
The calculated metal-weak CIS colours are a poor match to the 
calculated colours of the fainter, metal-weak galaxies. An increase of 
1/h to 2.0 would increase the indicated ages of these fainter 
galaxies, but would still produce CIS which were substantially redder 
in (V-I)c than observed galaxies. Two changes to the parameter values 
assumed in forming the CIS would act to resolve this situation. One is 
a decrease of the Helium abundance for the metal-weak CIS. This would 
imply however, that the Helium abundance is linked to the overall 
metal abundance since the higher value of Y = 0.23 adopted here is a 
good fit to the brighter, more metal-rich galaxies. A link between 
Helium and overall metal abundance is not impossible; Peimbert and 
Torres-Peimbert (1974, 1976) and D'Odorico et al (1976) have concluded 
from observations of HII regions in the SMC and I MC, and of planetary 
nebulae in our galaxy, that Helium enrichment is proportional to the 
enrichment of heavy elements. Their results predict a threefold 
increase in Helium abundance (AY = 0.035) corresponding to the metal 
abundance increase (A'Z - 0.013) assumed here between the metal-weak 
and solar abundance CIS. Although such an increase is attractive 
because it would resolve several theoretical anomalies, as summarised 
by Gingold (1977b), there appears to be no theoretical method of 
producing these large helium increases. Gingold (1977b) finds a 
maximum theoretical increase of AY - 0.01 possible for the increase
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in Z adopted here. The observational evidence for a link between 
helium and overall metal abundance 3eems quite firm however (see also 
Lequeux et al 1479) and an arrow in figure 4.5 shows bow tbe W102 CIS 
colours would change if tbe helium abundance were changed to 0.20 for 
the metal-weak CIS.
Another quite plausible change is a revision of the adopted (V-R)^ 
colour-temperature relation for metal-weak stars. In the CIS formation 
(chapter 3), a constant relation between log Te and (V-R) was assumed 
for all metallicities. Bell and Gustafsson (1978) have recently 
published synthesised (V-R) colours for a grid of stars of varying
«J
metallicity. Their results indicate that the (V-R) colour of a lateJ
giant (K4) star becomes bluer (by 0.02 to 0.03) for a metallicity 
change from solar to [A/H] = -0.5 (roughly corresponding to the 
metal-weak CIS). Since the standard stellar spectra forming the CIS 
have fixed (V-R)^ colours, this implies that the temperature adopted 
for the MO-2 III synthesis standard spectrum (the latest giant 
spectral group used in the metal-weak CIS) should be less than that 
adopted for the solar or metal-rich CIS. This change is probably only 
significant for M giants, since a small change in their fractional 
light contributions at V can seriously affect the red part of the 
resultant CIS, and hence alter the colours. The indicated decrease in 
the adopted temperature (~0.01 in Log Te) of the MO-2 III group would 
seriously decrease the numbers of such stars calculated for the 
metal-weak CIS (from the Yale Isochrone tracks - see chapter 3), and 
would also affect the late K giants to a lesser degree. The effect of 
such a change in the colours of the W102 CIS are indicated by an arrow 
marked 'M' in figure 4.5. This shift corresponds to removing the M0-2 
III group contribution entirely from the W102 CIS. A more precise 
calculation of the metal-weak CIS spectral group contributions and 
colours must necessarily await improved determinations of colours as a 
function of metallicity for a more extended range of spectral types.
Uncertainties like these emphasise the difficulty of using the CIS in 
any way other than as qualitative indicators. Their power as tools in 
population synthesis is clearly apparent however, and their usefulness 
will increase markedly as better calibrations replace the many present 
uncertainties.
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One final important noto about the nuclear colour-colour diagram is
that this relation shows about the same degree of intrinsic width in
(U36-V) as does the nuclear colour-magnitude diagram (S "0.1 mag,y / x
see table 4-4c). It seems reasonable to conclude that these
dispersions, which are significantly larger than expected from 
observational errors alone and are therefore intrinsic, have the same 
origin. There is certainly dispersion in the trend of metallicity with 
magnitude (see figs. 4.3 a,b,d) which could account for some 
dispersion in the nuclear colour-magnitude diagram if this latter 
relation is primarily due to metallicity variations. Dispersion in the 
trend of metallicity with magnitude CAN NOT account for the intrinsic 
dispersion in the nuclear colour-colour diagram however, since
metallicity variations will lie in the direction of this relation 
itself. Taken together therefore, the nuclear colour-colour and 
colour-magnitude relations imply that variation in some parameter 
other than metallicity is causing significant intrinsic dispersion in 
both these relations. These variations could be related to stellar 
composition variations from galaxy to galaxy. The intrinsic dispersion 
could also of course be due to mergers between galaxies of different 
initial luminosities and colours.
4.7 CONCLUSIONS
Flux calibrated spectra have been obtained of the nuclei of 12 
elliptical and 5 lenticular galaxies in the Fornax cluster, at a 
resolution of 10-20 A in the wavelength range 0.36 to 0.72 micron. The 
spectra have been extended to a long wavelength limit of 0.88 or 1.0 
micron for 12 of the galaxies. The range of galaxy magnitudes and 
colours observed define the form and intrinsic width of the cluster 
colour-magnitude relation well. The galaxies observed cover a 6 
magnitude range in absolute magnitude, from the brightest ellipticals 
NGC1399 and NGC1404 to the faint elliptical 0333-36 - of similar 
absolute magnitude to the nearby faint elliptical M32, and not in 
close proximity to a massive companion.
The galaxy nuclear spectra have high spectral resolution and sampling 
frequency, enabling detailed spectral matching to the important strong
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metal!icity and luminosity dependent features; uv Ca II (3933, 3968 
A), Mgb (5185 A), NaD (5890 A), NIR Na I (8190 A) and NIR Ca II (8498, 
8542 and 8662 A). Many more weaker linos are also resolved and can be 
used to define the composite stellar populations to good accuracies. 
The photometric quality of the spectra is shown to be generally high 
(3 - 4 %) by comparison with photoelectric aperture photometry. The 
galaxy nuclear spectra represent the observational data set for which 
differential population synthesis is presented in chapter 6; here we 
summarise the results of the galaxy line strength measurements and 
spectrophotometry.
1) The strong metallicity indicators (Mgb, NaD, uv CN and the 
composite metal index) in these composite systems show smooth 
variations with significant scatter over the full magnitude 
range observed. A metallicity decrease of 10 - 16 is indicated 
from the brightest to the faintest galaxies, with the higher 
value being favoured by the luminosity independent metal index.
2) The uv and NIR Ca II luminosity indicators show no trend with 
magnitude, but scatter in the measured NIR Ca II feature 
strengths may indicate significant variations in the upper giant 
branch configuration independent of galactic magnitude. The 
measured NIR Na I feature strengths show a decrease with galaxy 
luminosity which may be due simply to metallicity variations in 
these composite systems. These data do permit a slight decrease 
of the numbers of late M dwarfs (and hence mass to light ratio) 
with decreasing galactic luminosity however.
3) The derived early-type galaxy nuclear colours form a well
defined sequence of metallicity and luminosity in a (U36-V) vs. 
(V-I)c nuclear colour-colour plot. A comparison of the
Composite Isochrone Spectra (CIS - chapter 3) colours with the 
observed galaxy nuclear colours shows a general agreement with 
significant differences, particularly for the fainter, more 
metal-weak galaxies. These differences can be resolved by i) a 
revision of the adopted mixing length to pressure scale height 
to a value of 1/h = ~2.0 (cf. Yale Isochrone value 1/h - 1.0,
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value adopted here is 1/h =1.6); ii) a decrease of helium 
abundance in step with overall metal abundance from Y = 0.23 at 
solar (Z = 0.017) metallicities to Y = ~0.20 at metal-weak 
(Z - 0.004) metallicities; iii) a revision of the 
colour-temperature relation for late-type metal-weak giants, 
decreasing the adopted Log Te of metal-weak MO-2 I'll by ~0.01, 
or some combination of these variations.
4) The intrinsic dispersion in the nuclear colour-colour relation 
can not be due to metallicity variations; variations in some 
parameter other than metallicity must cause significant 
dispersion in both the nuclear colour-colour and 
colour-magnitude relations.
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CHAPTER 5
POPULATION SYNTHESIS PROGRAM AND ERROR ANALYSIS 
5.1 INTRODUCTION
Empirical population synthesis requires the existence of a library of 
standard stellar type spectra, which may be thought of as a set of 
stellar flux basis vectors. The synthesis procedure decomposes an 
observed galactic (integrated light) spectrum into a population 
component vector describing the relative light contributions due to 
galactic components of spectral type similar to those of the flux 
library group spectra. The product of the population vector with the 
flux library basis vectors produces a single synthetic spectrum 
emulating the galactic spectrum to be fitted. The actual synthesis is 
achieved by minimising a MERIT function which measures, in a well 
defined way, the deviation of the synthesised model spectrum from the 
galaxy spectrum to be fitted, and is a non-linear function of the 
population vector components. The minimisation is achieved by varying 
the components of the population vector, subject to constraints 
imposed on the relative contributions of the different stellar groups. 
Details of the synthesis procedure, definitions of terms used, 
examples of constraint specification and a description of the actual 
programs used are given in section 5.2.
There are two likely sources of error when trying to synthesise 
observed elliptical spectra with a basically local stellar standard 
library : i) the synthesis procedure will fall short of the true 
solution to the extent that the stellar library fails to provide an 
adequate basis for the representation of the galactic spectra; ie. to 
the extent that real stellar groups contributing to the galaxy 
spectrum are missing from the standard library; ii) the presence of 
noise in the observed galaxy spectrum (and to a lesser extent in the 
stellar flux library) which will confuse the true solution. In the 
first of these problems, any real stellar type present in the galaxy, 
but missing from the library, must be approximated by some combination 
of existing standard types. This clearly leads to errors in the 
synthetic spectrum and confuses the resulting populations by modifying
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the 'true' population vector in an indeterminate way. Since, in a real 
synthesis, the population of each representative stellar group is 
coupled to other groups via astrophysical constraints governing the 
resultant fit, a forced error in one group may propagate through to 
other stellar groups. In the second problem, the optimisation will 
attempt to match both the true signal and the added noise, producing 
an incorrect population vector, where again errors induced in one 
component may propagate into forced errors in another due to linkage 
through the constraints. The performance of the synthesis procedure 
and the two flux libraries used - the 48 group SYNTHESIS STANDARD 
SPECTRA (SSS) and the 27 group COMPOSITE ISOCHRONE SPECTRA (CIS) 
libraries - have been tested under conditions of both a deficient flux 
standard library (missing spectral types) and observational noise. Not 
all program galaxies have been observed to the 1 micron near infra-red 
wavelength limit achieved with CCD spectra. The performance of the 
synthesis procedure as a function of wavelength coverage is also 
tested. The results of these investigations, which provide useful 
guidelines for the best operation of the synthesis program, are given 
in section 5.3. The conclusions of this chapter are given in section 
5.4.
5.2 SYNTHESIS PROCEDURE AND DEFINITIONS 
5.2.1 Definitions of Variables and MERIT function
In the synthesis procedure used , the function to be minimised (the
MERIT function) is defined as :
MERIT /(f/ni)
where f zs
CM
■H
O
S•H
14
and R.l sz W. ( 1 - 1 W is a single component of the weighted RESIDUAL vector R;
G = r < V G2'■ • • v is the GALAXY flux vector,
S =
< w
• .  .s )w is the synthetic model flux vector
and W = (\'V . . .W ) w is the weighting vector.
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In these expressions each vector is specified at each of w (typically 
500) wavelength points. As stated above, the MERIT function measures 
the root mean square deviation of the weighted residuals, and 
corresponds roughly to a weighted mean photometric error in 
magnitudes.
In any synthesis, the galaxy flux vector G is an observed quantity, 
and the weighting vector is open to user adjustment to emphasise 
important spectral features and regions, and to give lower weight to 
regions of lower observational accuracy. The synthetic model flux 
vector is given by the product of the population vector with the flux 
matrix :
where
and
S V ji
<Xl'X2 ' - ' - V is the population vector (V light fractions),
is the Flux matrix of observed 
stellar flux values for each 
of w wavelength points and 
for each of g spectral groups, 
the SSS or CIS from chapter 3.
3i specifies the observed flux of the jth
the ith wavelength point, and X_. specifies the
In these expressions, 
spectral group at 
relative light contributed by the the jth spectral group at some 
normalising wavelength point. The stellar and galactic fluxes are 
specified as F( lambda) (Flux per unit wavelength at wavelength lambda) 
for each spectral point. The normalisations used are :
G = F. = 100 n jn
for all j at wavelength point n, chosen here for convenience to be the 
wavelength region 5450 - 5500 A, corresponding to the central 
wavelengths of the V band. Clearly :
Z. X. ~ 1 3 3
where the fractional light contributions of the different stellar 
groups need not sum exactly to unity, as the normalising wavelength 
region partakes in the residual minimisation scheme along with all
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other wavelengths. The fractional group light contributions at any 
other wavelength point i are obtained by multiplying the population 
vector components by the appropriate Flux matrix components, and 
renormalising :
X. F.. / Z.1 3 1  j x -j F n
where the normalisation of the Flux matrix components at V (i = n) is 
implicitly assumed, and where :
The actual Numbers of stars appropriate to each group light 
contribution are given by :
N.
3
/ L 3
where L_. is the V luminosity of a single jth group star in solar units 
(see table 3-2a). The total mass produced by each stellar group is 
then :
N ni.3 3
where nr is the mass of a single jth group star in solar units (table 
3-2a). The synthetic model Mass to Visual Light ratio is the total 
mass divided by the total V light :
M/Lv - ^  M3 / Z.lf  Z. X. m./Lj
because of the normalisation of the total light to unity.
5.2.2 Specification of the Constraints
Constraints
collections
luminosity
constraints
need to be applied to the number ratios between groups or 
of groups to ensure astrophysical plausibility of the 
function produced by the synthesis procedure. These 
are defined in terms of stellar number ratios, and
converted to constraints applicable to the population vector
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components (light fractions) according to the specified stellar group 
luminosities L_. . The constraints are applied as a constraint matrix C 
multiplying the light fraction vector X :
C r. Xr - kt - vT > 0
where c =: 1\ 11' 12' * 
21' 22---
. .c 
. ,cltJ2g
LCml'Cra2'* *‘. . .Cmg
K MH*II . . .K ) m
and V = l(V V2.... . . .V ) in
To ensure non-negativity of group 
must contain the identity matrix 
example, a row (p) in C such as :
is a vector of constants 
(usually zero)
is the vector of constraint 
values which must all be 
positive.
light contributions, the matrix C 
Other conditions are set by, for
(0, 0,... Ni/Li, N./L., 0,... -Nk/Lk, 0..)
Twhich upon multiplying the transposed population vector X expresses 
the constraint that :
N . + N . - N  - K = V > 0i 3 k P P
ie. that the sum of star numbers in the ith and jth groups exceeds 
that in the kth group (ignoring constants which are usually zero). 
Sequencing of relative star numbers (along dwarf and giant branches) 
are thus easily specified, as are constraints forcing ratios between 
different metallicity groups. Any group or combination of groups can 
be forced to lie within a selected range by specifying two constraints 
of the type illustrated above. The program (XOPRQP - see next 
section) calculates the value of each constraint at each iteration, 
and flags those which are either negative or likely to go negative. 
The changes made to the population vector X in the next iteration are 
then 'penalised' to force compliance with these specified constraints.
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5.2.3 The Program XOPRQP
The problem of constrained minimisation is a ubiquitous one in many 
areas of design, engineering and commercial manufacturing processes, 
as well as in scientific applications such as population synthesis. 
This problem has therefore recieved intensive study from many groups, 
and many programs for various applications are commercially available. 
To solve the present stellar population synthesis problem, a program 
XOPRQP (Bartholomew-Biggs 1979) was chosen from the Numerical 
Optimisation Centre 'OPTIMA' suite of programs (NOC 1976) because of 
its easy availability and efficient, robust performance. It is not 
possible to determine whether this is the 'best' program for this 
application, because of the plethora of available routines; XOPRQP 
rates very highly however in a recent review of nonlinear programming 
codes (Schittkowski, 1980), and was found to be very amenable and 
successful in the present application. The program XOPRQP solves the 
problem of minimising the nonlinear function f(X), where X is a 
vector, subject to the (possibly nonlinear) constraints :
Y.(X) the equality constraints
and Y . ( X ) > 0X qf i the inequality constraints
In these expressions, f and all the Y_. must be continuouslyX
differentiable. The user is required to provide routines which i) 
calculate both the MERIT function and constraint values for any values 
of the population vector X, and ii) calculate the partial derivatives 
of the MERIT function and all constraints with respect to all 
variables X^. Following the definitions given in section 5.2.1, the 
partial derivatives of the optimised function with respect to each 
component of the population vector follow from :
1 - Ei V Ri - V 1 - W  - V 1 - -:xi V V
- r  2 K i W. F../Giand thus öf/ÖX
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The partial derivatives of the constraints with respect to each 
component of the relative light vector are simply :
V öxi
A program POPSY has been writen to read i) the flux matrix F , ii) 
the constraint matrix , iii) the flux vector of the galaxy to be 
synthesised, iv) the weighting vector vr , v) a starting population 
vector X_. and vi) vectors specifying the luminosities and masses (L , 
r<r ) of single stars belonging to each SSS group. The driving program 
calls XOPRQP and, for each iteration, provides routines to compute a) 
the synthetic model spectrum vector S. , b) the residual vector Ft , c) 
the function to be minimised and associated magnitude error (MERIT) 
and d ) the partial derivatives of the function and constraint values 
with respect to all variables X .. The program can run on the MSO VAX
j
11/780 either as a batch job or in demand mode. In demand mode it 
provides a continuously updated display of the light fraction values 
at user specified wavelengths, together with relative mass fractions 
and number ratios for each SSS group. In either case the results of 
each iteration are output to a new image of a SAD (Standard 
Astronomical Data Format) file for later analysis or display. A 
typical synthesis, involving 48 spectral type groups, each specified 
at 530 wavelength points (12 A pixels) requires 30 to 80 iterations to 
achieve convergence, or a position from which no further improvement 
can be made. Each iteration requires 10 to 20 seconds of CPU time on 
the MSO VAX 11/780.
5.3 SYNTHESIS ERROR ANALYSIS
5.3.1 Introduction
Test galaxy spectra have been created by adding Synthesis Standard 
Spectra (SSS) in fixed ratios corresponding (for convenience) to a few 
Composite Isochrone Spectra (CIS). The 48 group SSS flux library and 
27 group CIS library are introduced and described in chapter 3. 
Gaussian noise corresponding to preset levels of 2, 4 and 6 percent 
has been added to these test spectra. The added noise was calculated 
simply as that gaussian noise appropriate to a mean level of 100 (test
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spectra normalisation at V). The resultant test spectra are therefore 
relatively more noisy in the blue, and less noisy in the red, than 
indicated by the prescribed noise level. The test spectra have been 
synthesised with both the SSS and CIS libraries to check the accuracy 
of the synthesis procedure in the presence of noise, and to define a 
good, working methodology for synthesising real galaxy spectra. The 
test spectra emulating a metal-rich galaxy have also been synthesised 
with both SSS and CIS libraries from which all metal-rich spectra have 
been removed. This checks the performance of the synthesis procedure 
when important spectral types are missing from the synthesis flux 
library. The weighting scheme used in all these tests gives higher 
weight to absorption line regions of the spectra (particularly for the 
strong Mgb and NaD line regions), lower weight to the long wavelength 
end of the spectra (>9000 A) and zero weight to the atmospheric oxygen 
A band at 7600 A.
5.3.2 Synthesis Tests Conducted with the CIS library
Several test spectra have been synthesised using a reduced CIS flux 
library which consists of all CIS of IMP slopes 2.35 and 4. The three 
test spectra for which results are given in tables 5-1 (a,b,c), 
correspond to two individual CIS of solar and metal-rich abundances, 
each of age 10 Gyr, and to one spectrum of mixed abundances and ages. 
Each test spectrum has been synthesised in the presence of various 
levels of added noise (table 5-1 a); the metal-rich test spectrum has 
also been synthesised with a CIS library from which all metal-rich CIS 
have been excluded (table 5-1 b), and the solar abundance test 
spectrum synthesised over several reduced wavelength regions 
corresponding to actual observed galaxy nuclear spectra (table 5-1 c). 
An important result for all these tests with a CIS flux library is 
that the same final results are obtained for any test, regardless of 
the initial configuration used to start the synthesis. This very 
important property of UNIQUENESS applies to the full CIS flux library 
as well as to the reduced one for which results are given here. The 
CIS of IMF slope 1 are only marginally different from those of IMF 
slope 2.35 however; their inclusion in the flux library does not lead 
to any decrease in the achieved MERIT function, but does lead to 
confusion between the calculated light contributions from CIS of IMF
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slopes 1 and 2.35.
The uniqueness property of syntheses with CIS lies in the fact that 
these form an orthogonal (though not necessarily complete) basis; no 
CIS can be formed by a linear (positive) combination of any other CIS. 
The advantage of the syntheses with CIS is that the constraints are 
built in during the construction of each CIS (chapter 3). Each CIS 
represents a viable, single epoch of formation stellar population; 
these syntheses have therefore been conducted with simple 
non-negativity constraints applied to all the CIS flux library groups. 
The CIS represent a fairly coarse grid of stellar ages and 
metallicities however; the rigid constraints incorporated into the CIS 
do not allow populations of intermediate ages and metallicities to be 
well fitted. The CIS also do not include a horizontal branch 
population, which may be present in the real galaxy spectrum. The CIS 
syntheses thus give a unique fit, quantised on a coarse grid, and can 
be used both in themselves to give coarse information, and to indicate 
suitable constraints for syntheses with the more extensive SSS flux 
library. The CIS tests are now described in turn.
5.3.2.1 CIS Test Syntheses in presence of Added noise -
Table 5-la describes the results of synthesising the three test 
spectra in the presence of added noise. The 18 group reduced CIS flux 
library is used for these fits; exact solutions are therefore 
possible. The three test spectra (column 1) and the calculated V 
light contributions due to the various CIS (columns 5 to 11) are 
described by the coded notation for the CIS introduced in chapter 3. 
Each test spectrum was synthesised from several initial 
configurations; no mention of this is made in table 5-la as the 
results are independent of initial configuration. The calculated mass 
to visual light ratio corresponding to each solution is given in 
column 3.
For each test the true, preset solution is achieved in the presence of 
no noise (first row of each set), and this is to be compared with the 
subsequent results obtained in the presence of various noise levels 
(indicated in column 2). As the noise level increases, the results of
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the purely solar abundance (S102) test synthesis slip from total 
accuracy for the 0 and 2 % noise levels, through a solution containing 
about 10 % old solar abundance light and 7 % young metal-rich light at 
the 4 % noise level, to a solution containing about 30 % metal-rich 
light at the 6 % noise level. The solar abundance groups always 
dominate the solution and the correct age is always indicated by the 
single largest contributor.
For the purely metal-rich (R102) test synthesis the results slip to a 
solution containing 24 % old solar abundance light and 26 % metal-rich 
light of incorrect age at a noise level of 2 %. The achieved accuracy 
improves, perversely, at the 4 % noise level and slips again to 
ascribe 32 % of the V light to an old metal-rich population at the 6 % 
noise level. Again the correct abundance (metal-rich) is always 
clearly indicated, and the correct age group always remains the single 
largest contributor.
The mixed test spectrum consists of an old metal-weak population 
contributing 20 % of the V light, a young metal-rich population 
contributing 10 %, and the rest due to a solar abundance population of 
age 10 Gyr. As the noise level increases in this test, the calculated 
contribution due to the metal-weak population drops and is eventually 
lost. This is because an old metal-weak population has very similar 
colours to a young metal-rich population. The calculated contribution 
due to the solar abundance population always remains predominant, and 
that due to the metal-rich population initially drops (2 % noise) and 
then increases to 36 % at the 6 % noise level. The metallicity and 
age structure therefore remain well defined, apart from the loss of 
the old metal-weak component.
Note that none of these solutions utilise CIS of IMF slope s=4, 
although they were available in the flux library used. CIS syntheses 
therefore maintain good resolution in this respect if the flux library 
provides a good basis for the spectrum being fitted (but see below).
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5.3.2.2 CIS Test Syntheses with deficient Flux Library -
Table 5-lb describes the results of synthesising the metal-rich test 
spectrum with a CIS library from which all metal-rich CIS have been 
excluded. Exact fits are not possible in this situation, which tests 
the performance of the synthesis procedure in the important case that 
real galaxy component groups are missing from the synthesis library.
The solutions shown in table 5-lb use solar abundance CIS exclusively 
although metal-weak CIS were available in the library. The dominant 
group at all levels of added noise is the S152 CIS, which has very 
similar colours to those of the R102 CIS (table 3-6), although the 
mixtures of SSS used to create these two CIS are clearly different. 
In this test there is clearly a trade off between age and metallicity, 
with the redder colours due to the higher metallicity being mimicked 
in the absence of these metallicities by a later age of solar 
abundance. Synthesis solutions to real galaxies which indicate a 
dominant old, metal-rich population may in fact be indicative of the 
presence of a younger but even more metal-rich population. These 
solutions also achieve the redder colours of the true, metal-rich 
population by incorporating small contributions from CIS of large IMF 
slope (s=4), leading to values of M/L^ (column 3) which are higher 
than the true value.
It is somewhat worrying that the MERIT function values achieved here 
(with no metal-rich CIS) are insignificantly worse than those achieved 
with metal-rich CIS present (see table 5-la, R102 test). Detailed 
comparison of good abundance dependent spectral features can however 
be used to better define the metallicity, with implications for the 
calculated ago and M/L^ as described if the galaxy is determined to be 
more metal rich than catered for in the flux library.
5.3.2.3 CIS Test Syntheses over Reduced Wavelength Regions -
Table 5~lc descibes the results of using the reduced CIS flux library 
to synthesise the S102 test spectrum over reduced wavelength regions 
corresponding to observed galaxy nuclear spectra (chapter 4). The 
percentage of added noise is indicated in column 1 of table 5-lc, and
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the long wavelength limit of each test synthesis indicated in Angstrom 
in column 2. The short wavelength limit for all syntheses is uniformly 
3600 A. The calculated mass to visual light ratio is listed in column 
3 and the MERIT function value achieved in column 4. The V light 
percentage contributions for each solution due to the various listed 
CIS are given in columns 5 to 10.
The results in table 5-lc show that a reduced synthesis wavelength 
region has negligible effect in the presence of little (2 %) or no 
noise. For 4 % and 6 % added noise however, there is a serious 
breakdown in the accuracy achieved for long wavelength limits less 
than 8750 A, over and above that resulting from the addition of noise 
alone. The results show that syntheses over the wavelength range 3600 
- 8750 A (incorporating the important near infra-red luminosity 
dependent Na I and Ca II features) are almost as good as that over the 
full range possible in this work (3600 - 10000 A), even in high noise 
conditions. Serious extra degredation occurs in high noise conditions 
as the long wavelength limit drops blueward of the near infra-red Ca 
II triplet region, and these results are wrong in both metallicity and 
age when the near infra-red wavelength region (8000 - 10000 A) is 
excluded entirely.
5.3.2.4 CIS Test Syntheses - Conclusions —
The implications of these three CIS tests for syntheses of real galaxy 
spectra must be examined in terms of the assessed photometric accuracy 
of these spectra. The galaxy spectra are calculated to be accurate to 
the 3 to 4 % level over most of their wavelength coverage, both by 
internal and external checks on the photometric precision of the 
instrument (chapter 2), and by comparison with published galaxy 
aperture photometry (chapter 4). At this noise level, the results of 
the CIS synthesis tests are very encouraging. The CIS test syntheses 
retain a very good description of the metallicity of the synthesised 
galaxy down to noise levels of at least 4 %, and are still giving a 
good, basic description of the metallicity structure at the higher 
noise level. The age details given by the CIS syntheses are more 
susceptible to noise, although the correct age (and metallicity) 
always dominates the achieved solution. The last CIS test shows
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clearly the importance of the near infra-red wavelength region to 
population synthesis work. Syntheses of galaxy nuclear spectra which 
do not extend to this region must be treated with some caution.
5.3.3 Synthesis Tests conducted with the SSS Library
Several test spectra have been synthesised with the SSS flux library. 
The two test spectra for which results are given in tables 5-2a,b,c 
correspond to the same metal-rich (R102) and solar abundance (S102) 
CIS configurations used for the CIS syntheses described above. The 
results from the preceding section clearly indicate that a CIS 
solution can be used to determine the broad metallicity (and age) 
structure of the population underlying the spectrum to be fitted. The 
CIS solutions have therefore been used to select suitable constraint 
sets with which to perform these SSS syntheses. The constraints used 
in these SSS syntheses are simple sequencing of the main sequence and 
giant branch groups, together with non-negativity applied to the other 
possible contributors such as upper main sequence and horizontal 
branch groups. Additional constraints have been imposed to force the 
total metal-rich giant light to exceed that due to the solar abundance 
giants for the metal-rich spectrum, and vice-versa for the solar 
abundance test spectrum.
The SSS library enables a more complete synthesis because of its much 
larger spectral coverage (upper main-sequence and horizontal branch 
groups), and also because of the relatively free constraints used 
which do not force solutions purely in terms of preset isochrone 
parameters. These constrained SSS syntheses are not unique however; 
the results obtained (for the same test spectrum and same constraint 
specification) depend on the initial configuration from which the 
synthesis starts. This is because the more extensive basis formed by 
the SSS allows the possibility that a given spectrum can be fitted 
with a variety of different population vectors, to within the accuracy 
of the data. Confusion can occur between the giant branches of 
different metallicities and between stars of the same spectral type 
but different luminosity. [It is noteworthy that SSS syntheses 
conducted with non-negative constraints only (not tabulated here) do 
largely retain the uniqueness property enjoyed by the (non-negative)
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CIS syntheses, but constrained SSS syntheses give more accurate 
results provided that the constraints are well chosen.]
It can be seen from tables 5-2a,b,c that some negative populations 
violate the constraints applied to the synthesis. This is because the 
program stops at a point where no further reduction in the MERIT 
function or constraint values is possible; where a variation of a 
population vector component would either cause some constraint to be 
further violated, or cause an unacceptable increase in the MERIT 
function. This is usually because the program has found it difficult 
to recover from an initial configuration which itself violates the 
constraint specifications. This is the case in several of these tests, 
and the extent to which a reasonably good fit is nevertheless obtained 
testifies to the power and efficacy of the program XOPRQP. Solutions 
with significant negative populations or constraints violated in some 
other way are not acceptable of course, although they may well 
indicate how the constraint specification should be changed to achieve 
good convergence.
Another feature of XOPRQP is it's capacity to explore regions 
forbidden by the constraints to search for better solutions and to 
avoid getting trapped in small local minima. This unavoidably leads to 
situations where the program can terminate with some constraints 
violated. In practice this situation is resolved for significant 
violations by varying the initial configuration, varying the 
constraint specification, or simply deleting the offending group(s) 
from the synthesis library.
5.3.3.1 SSS test syntheses in presence of added noise -
Tables 5-2a,b summarise the results of synthesising the solar 
abundance (S102) and metal-rich (R102) test spectra in the presence of 
various levels of added noise (column 2). Each test spectrum is 
synthesised from three initial configurations (column 1) corresponding 
to a metal-rich (R101), a metal-weak (W102) and an old solar abundance 
CIS (S154) for the S102 test spectrum, and to a solar (S102), a 
metal-weak (W102) and an old metal-rich CIS (R154) for the R102 test 
spectrum.
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In the presence of no added noise (first rows of table 5-2a,b), the
syntheses converge to the EXACT solution (apart from numeric
roundoff), and do this regardless of initial configuration. The V
light contributions listed for these first solutions are simply those
preset in the test spectra, and are to be compared with the
contributions calculated in the presence of various levels of noise.
The calculated mass to visual light ratios (column 3) are correct for
the first (no noise ) solutions. The error indicator ( S , column 5)y-x
is calculated as the standard deviation between the synthesised group 
percentage V light contributions and their true (preset) values, taken 
over all 48 SSS groups; the error is zero in the case of no added 
noise. The calculated MERIT (column 4) in magnitudes is defined in 
section 5.2, and is essentially zero for the case of no added noise.
The solutions to the test spectra given in tables 5-2a,b for various
levels of added noise and from various initial configurations all
retain good correspondence with the actual (preset) solution. The
error indicator S is never large, and does not increasey-x
significantly between the 4% and 6% levels of added noise, indicating 
that the solution is matching the noise as well as the signal to some 
extent in the high (6%) noise case.
The results show that there is some slippage between a) solar 
abundance and metal-rich GK giants; b) between G star groups of the 
three different luminosities and c) between M dwarfs and M giants. 
Small errors in the late M dwarf population affect only the calculated 
mass (and hence the mass to visual light ratio), as the light 
contribution from these stars is always small. As is to be expected, 
all solutions in the presence of noise indicate slightly earlier ages 
than is the true case. No solution can indicate a redder (older)
main-sequence turnoff than is the case , as no adjustment of other
group contributions could then match the actual galactic blue
continuum. Solutions can indicate a slightly younger (bluer)
main-sequence turnoff than is the true case however, as adjustments
can be made in other groups to match the galactic spectrum in the red. 
Syntheses with flux libraries of adequate metallicity coverage can 
therefore err only to younger, not older ages as given by the
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main-sequence turnoff group. The effect is slight however, with the 
solutions shown in tables 5~2a,b indicating ages of about 8 Gyr, 
rather than 10 Gyr.
All solutions retain a good description of the metallicity structure, 
although this is to some extent a consequence of the constraints 
derived from the CIS syntheses. The calculated mass to visual light 
ratios are resonably good, with a one sigma deviation of + 50%. The 
best solutions (which do not violate constraints) come from an initial 
configuration of the correct metallicity. Significant upper main 
sequence (UMS ) contributions never occur in acceptable ( non-violated ) 
solutions to test spectra with no UMS component.
5.3.3.2 SSS test syntheses with deficient flux library -
Table 5—2c summarises the results of synthesising the metal-rich test 
spectrum with an SSS library from which all metal-rich groups have 
been removed. The true solution is given first, and the results in 
the presence of various levels of added noise follow. As for this 
test conducted with the CIS flux library (table 5-lb), the results 
indicate a solar abundance model of old age with enhanced dwarf 
contribution; the trade off is mainly between age and metallicity. A 
galaxy which has stronger lines than can be synthesised with the 
available flux library will therefore probably be somewhat younger and 
somewhat less massive than would appear from the synthesis with this 
metal-rich deficient library. There seems to be no way of achieving 
high mass to light ratios (>20) unless that actually is the case. 
Detailed comparison of good luminosity dependent spectral features can 
be used to better define this.
5.4 CONCLUSIONS
A program POPSY has been written to drive a commercially available 
non-linear optimisation code XOPRQP so as to perform population 
syntheses on observed galaxy spectra. The program accepts galaxy 
spectra defined at a large (>500) number of wavelength points 
corresponding to the presently achievable spectrophotometric 
resolution of 12 - 15 A, and computes solutions in about 30 - 80
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iterations, each requiring about 10 CPU sec per iteration on the MSO 
VAX 11/780. The program and methodology used here have been tested by 
synthesising known test spectra with added noise, using two standard 
flux libraries; the 18 group reduced Composite Isochrone Spectra (CIS) 
library and the 48 group Synthesis Standard Spectra (SSS) library 
introduced and described in chapter 3.
The results of the tests are :
1) The CIS synthesis give UNIQUE results in terms of a coarse grid 
of complete populations of stars of fixed age and metallicity.
2) The CIS syntheses give results in which the metallicity 
information is very accurate. The age information is less 
reliable, but at least indicative of the true solution.
3) The constrained SSS syntheses achieve better results (lower 
MERIT function) than the CIS syntheses because of i) their 
extended spectral coverage, including upper main sequence and 
horizontal branch groups, and ii) their relatively free 
constraints, which do not force solutions in terms of the coarse 
grid of values imposed by the CIS. The SSS syntheses are 
superior in real galaxy syntheses because they permit variation 
away from fixed isochrone parameters, which are still subject to 
significant uncertainties (see chapter 3). They also provide a 
basis for the components (upper main sequence, Horizontal branch 
and Asymptotic Giant Branch stars) not covered by the CIS.
4) The SSS syntheses give good, reliable syntheses when used with a
constraint set selected to agree with the results of the CIS
syntheses, and are started from an initial configuration close
to that indicated by the CIS analysis. Mass to visual light 
ratio determinations have 2 sigma errors of + 100 %. Age
estimates (from main sequence turnoff group) should be accurate
to + 3 Gyr, but may be biased slightly to ages which are too
young.
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5) Syntheses of test galaxy spectra of metallicity higher than is 
available in the flux library result in solutions which are too 
old, and predict mass to visual light ratios which are too high.
6) The near infra-red region (0000 - 9000 A) is of vital importance 
to population synthesis work. It is fortunate that good CCD 
detectors are now available, and that even faint galaxy 
observations in this wavelength region are possible in bright of 
moon time.
The results of these tests clearly indicates that a two stage approach 
to the synthesis of real galaxy spectra is appropriate. In the first 
stage, the real galaxy spectra can be synthesised with the CIS library 
to determine the predominant metallicity component of each, and the 
variation of this as a function of absolute galactic magnitude. The 
CIS synthesis can also be used to determine possible trends in epochs 
of star formation as a function of galactic magnitude. In the second 
stage, the galaxy spectra can be synthesised with the SSS library, 
with a set of constraints chosen to suit the metallicity and age 
structure indicated by the CIS synthesis.
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CHAPTER 6
DIFFERENTIAL POPULATION SYNTHESIS 
OF FORNAX CLUSTER GALAXIES
'The discovery of a new dish is more important to the 
welfare of mankind than the discovery of a new star'.
Brillat-Savarin
6.1 INTRODUCTION
This chapter presents differential population synthesis of the nuclei 
of the 12 elliptical and 5 lenticular galaxies defining the 
Colour ^ Magnitude relation in the Fornax cluster. The results of these 
syntheses are generally treated as a whole, with the analytical 
emphasis being on finding correlations between synthesis results and 
galactic magnitude and morphology. Results applying only to limited 
subsamples of these 17 galaxies are discussed as appropriate.
Preliminary syntheses for the early-type galaxy sample are presented 
in section 6.2, and the important question of the source of the blue 
light in these systems is investigated. The metallicity and turnoff 
age information derived in this section are used to determine the 
constraint sets and initial configurations for the detailed syntheses 
in section 6.3. The M star population is investigated in section 6.4 
for galaxies with near infra-red spectra.
6.2 PRELIMINARY GALAXY SYNTHESES - METALLICITY, AGE AND 
REDDENING INDICATORS
6.2.1 Introduction and Methodology
The observed galaxy nuclear spectra have been synthesised with the 
Composite Isochrone Spectra (CIS) and the Synthesis Standard Spectra 
(SSS) flux libraries under conditions of simple non-negative
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constraints. The emphasis in these preliminary syntheses is on 
deciding overall metallicity and age indicators, enabling more 
restricted constraints to be used in the detailed syntheses presented 
in section 6.3.
The spectral types of the blue stars which are required to fit the 
observed galaxy nuclear spectra, and the requisite stellar numbers 
assuming various evolutionary phases, are discussed in terms of their 
correspondence with astrophysical constraints in subsection 6.2.4.
The nuclear spectrum of the emission line galaxy JJ104 is also 
synthesised here, with a weighting function (chapter 5) which is set 
to zero at the emission line regions. JJ104 is not part of the 
early-type galaxy sample whose analysis is the principle aim of this 
thesis, and results for this galaxy are presented here in subsection 
6.2.5 for convenience only.
Since the Fornax cluster is well out of the Galactic plane, the 
foreground reddening is known to be low (chapter 4). O ’Connell's 
simple test of reddening is performed in section 6.2.6 as added 
support for the zero foreground reddening adopted here.
The observed nuclear spectrum of the peculiar, bright radio galaxy NGC 
1316 (Fornax A) has also been synthesised, but the results are quite 
distinct from the early-type galaxy results. The strong measured near 
infra-red Na I feature strength and red flux of NGC1316 requires a 
relatively high mass to visual light ratio of about 16. The abundance 
information derived for this galaxy indicates an apparently 
unavoidable bimodal metal-rich and metal-weak configuration of roughly 
equal proportions, with no solar abundance contribution. A fairly 
strong (6 % at V) 0-B dwarf contribution is utilised in the syntheses 
if permitted, and substantial (> 10 %) deterioration in the achieved 
MERIT function value occurs if these stellar groups are excluded. 
This galaxy is not a part of the early-type sample however, and is not 
discussed any further in this thesis. The synthesis results for 
NGC1316 will be presented in a separate paper (Pickles 1983) .
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6-2.2 Syntheses with the Composite Isochrone Spectra (CIS)
The results of synthesising the observed galaxy nuclear spectra with 
the restricted CIS flux library (of IMF slopes 2.35 and 4 - see 
section 5.3) are presented in table 6-1. The galaxies are seperated in 
type and listed with their types and nuclear V magnitudes (from 
chapter 4) in columns 1 to 3. The MERIT function values in magnitudes 
(as defined in section 5.2) achieved for each synthesis are listed in 
column 4 and the mass to visual light ratios (IVL - in solar units) 
in column 5. The percentage light contributions at V due to the
various CIS groups are unique in these syntheses (ie. independent of 
initial configuration, but not synthesis wavelength region - see 
section 5.3) and are listed for each solution in columns 6 to 14. The 
CIS codes are defined in section 3.3 and listed in table 3-6. The 
second result listed for the 5 galaxies with CCD observations gives 
the solution obtained by synthesising only a reduced wavelength 
region; the short wavelength limit is uniformly 3600 A and the long 
wavelength limit of each synthesis is listed in column 15. Results 
are also given for syntheses of the two brightest ellipticals (NGC1404 
and NGC1399) over a wavelength region (3600 - 7760 A) which excludes 
the near infra-red observations entirely. There are several points to 
note about the results listed in table 6-1, which are now discussed in 
turn.
1) The MERIT functions obtained here with the CIS are quite good, 
of order 0.05 mag to 0.09 mag for most normal galaxies. These 
MERIT function values are necessarily restricted by the rigid 
constraints imposed on the formation of the CIS, but the fact 
that they are only about 40 % worse than the best solutions 
obtained later with Synthesis Standard Spectra (SSS), indicates 
the clear relevance of this approach to population synthesis. 
Galaxies can clearly be well synthesised by a flux library basis 
set of composite spectra, each appropriate to a complete 
population of stars of given metallicity and age. There is every 
reason to expect that the CIS syntheses can eventually produce 
fits comparable to those obtained with SSS syntheses as the 
uncertainties involved in forming the CIS are resolved (see 
section 3.3). The high MERIT function values obtained for the
b
Ie
 
6
-1
 
G
a
la
x
y
 
C
IS
 
S
y
n
th
e
s
e
s
 
—
 
R
e
s
u
lt
s
m
p <
u> crr^ * A * * A *
cn C o o o o o o o o o o O O o O O o o o o o o o o o o
c Ql p o m o o o o in o  in in m o in o<i in m X X o o o n o in
o r—1 -H O X X o x x X o x X X X o x X X o o o r ^ X
r i Cl fc o c o x o a o x CO o c o CD 00 X oo o x co CO X X o c o 00 X ao CO
> *H -rH f-i ▼1 -ri
3
S m < r  i 1 1 1 1 1 1 1 i 1 i 1 1 i 1 1 i 1 1 1 i i i
a ♦H
3
m
m n im < f 1 x m 1 1 1 1 i 1 l 1 1 l 1 1 i ■—«lf> 1 X i i
JC r i - i < r m m
m 3
01
-4-
1
ran]
X P O 1 1 1 1 1 1 1 1 1 1 i 1 i cn>o l 1 1 i i i 1 1 i v-iw Ci r i m < - m
E 3
in
c
•Q
•n n j
P m <r l l O O  1 1 1 1 Cb m in X m ^ r m CD o o i i 1 1 n i
a o ■H r i T l ■*1 < u n X <r o o 00
X 3 -ri tH
f-
c
n j
u in 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i i 1 1 i i 1 n i X
H X
in
p
X
a
P
j ram <r
h Q 1 1 m i i in CO x o o 1 1 1 1 1 1 i i 1 1 o i n *"1 m i i
0  v l m *T mm X X m n P
> men 0)
P
Q.
m
JC.
m
m X  i in U -h O m o m CO m in n in  i m m 1 1 i i X m X i
o T-1 —  m ^ r x X X X Ui Ul T-t m o ■n T-i 6
in 0
1
in
m Cl
j c  in < r m  i i i i i 1 1 1 l 1 i 1 1 i 1 1 1 m  i 1 i 1 i x>
U n D
'rt£X P
P •n
1 c
r-1 cn
m ra
p m E
aun n m < l o o  i i n  i m n 1 i 1 1 i 1 1 1 i i 1 i 1 i
eo ■ O X - i x o CO r i >
t r
P
m
Cl
*—i
> i f - c m X X C D CO m m 03 X < i m *T < 1 o n o o m  in o in * * o u
-J
\ <■ in ^ r r i r i r i ni r i r i r i n i n i m n in i n i m n i n i < ■ *? r i in n i in
D
Cr
"a
ra
p ^ xaoo r x r n y CD O ' m X m X oo cn m o X X m m o in X X
•n cn ■y <r ,<r in in in o in m m <r X m m in cn X in o o o m o o ao in
p m OOO o o o o o o o o o o o o o o o H o o ** o o m Ci
OOO o o o 6 o d o o' o d o o o o o d d o d d o' o'
CL
IP
p
ZP
ao m m X X <0 <0 00 n •0 in in 00 X ▼H X X Ku m n o •r* n in X m oo <T ao -0 X CD X ri o ao ra
D
c ni ni ri ri ri ri ri in in o’ o nj ni ri m
> r~i ** *"* ’■* ri cn
U Oiin ra Ci JC
Oi ocn E
tn\ m HCL m rH in o < o o m \ v~4 Cl n *-i o •n o #-s,IT* LU LU Ul Ul UJ Ul Ul Ul Ul o LU LU n o o a o a r-iP UJ Ul in in ID in in
om n raX X X X X X o ▼H X i o o ri X in o inm o X m X n X n X in X n ri CD 00 00 X ao Clri *T n n C) n n n n n n n no pm n n n n «-1 *-< r-i m r-1 *-1 n n n oO o 2
in o in cj
-P ►-< rn ru
01 -H p  c  
JZ <P P  
■P -H U rr>
"D £  O £
. m
<
cn O
o
Ou ro
a/ & p u p
P  D O -H O
in o
P  -H 
•ri P  
C 3  
D XI
. $
P P r-< O 
m P  0J P
^  p  
6
6
■r-4 1/1 u  x :
-a o x  ai
cn jc 
P P  
<  cn
C CilA P  <H r1
w  ai 
>
p  in 
•<i 3
e
■ft V
3  -H c  in -<
1 IJ U lil 
3  P  P 
i/i ai ra 
•1 x>
> ~
O *—l 
P  <H P 
3  Hi
m o' p
in -rt CL
m e n )  
E 3  JC 
u
a/ at 
jc. jz c 
h- t -  ■ *
c in
ai -c 
-  H  
0/
> . 
ra -a 
3  a<
C in 
□  in
m c
XI n>
t -  m
6-4
two lenticulars NGC1381 and NGC1380B are indicative of poor 
observations for these galaxies, as discussed in section 4.3. 
[The stellar continuum of the emission line galaxy JJ104 has 
been synthesised with a weighting function which is set zero at 
the emission line regions. The high MERIT function value 
obtained here indicates that the CIS library is not a good basis 
for the bright blue stellar continuum and strong Balmer series 
absorption lines of this galaxy. Much better fits are achieved 
later for this galaxy with the SSS flux library, which includes 
upper main sequence and Horizontal Branch stellar groups.]
2) The calculated V light contributions listed in columns 6 to 14
indicate a predominantly metal-rich population for the two 
brightest ellipticals (NGC1404 and NGC1399) and for the fifth 
ranked (in nuclear magnitude) elliptical NGC1339. Predominantly 
solar abundance populations are indicated for the intermediate 
brighteness ellipticals and brighter lenticulars, with the 
faintest ellipticals and lenticulars indicating predominantly 
metal-weak popultions in most cases. The CIS syntheses were 
shown in tests in section 5.3 to retain good sensitivity to the 
predominant metallicity component; these results are used to 
define the initial configurations used for the detailed
syntheses in section 6.3.
3) The mass to visual light ratios (M/Lv - column 5) calculated 
here vary between 2 and 6. The CIS have only coarse resolution 
in terms of this parameter, with the lower boundary being fixed 
here by the specific exclusion from the restricted CIS library 
of CIS of Initial Mass Function (IMF) slope s = 1 (see section 
5.3). It is clear from the results however, that CIS of large 
IMF slope (s = 4) have no relevance to normal elliptical and 
lenticular galaxies of any magnitude. These results clearly 
favour an IMF slope of s 2, although M/Lv values appropriate 
to IMF slopes intermediate between s = 2.35 and s = 4 can not be 
excluded.
4) The comparison of results (listed in table 6-1) obtained by 
synthesising reduced wavelength regions of several galaxies
figure 6.1
The nuclear spectrum of NGC1404 (thin line) is compared with 
three Composite Isochrone Spectra synthesis fits (thick 
lines), computed over three wavelength regions extending 
from 3600 A in the blue to the long wavelength limits 
indicated in the figure.
The synthesis fit over the wavelength region 3600 - 8750 A 
is almost as good as that computed over the full available 
wavelength region (thickest line). The fit to the wavelength 
region 3600 - 7760 A (thinnest synthesis line) is
significantly worse at predicting the near infra-red flux of 
NGC1404 however.
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clearly indicates the importance of the near infra-red spectral 
region in obtaining good synthesis results. This comparison is 
further illustrated in figure 6.1 which compares the results of 
synthesising the nuclear spectrum of NGC1404 over three spectral 
regions. The population results obtained by synthesising the 
wavelength region 3600 - 8750 A are generally very similar to 
those obtained over the full wavelength region (3600 - 10000 A,  
see table 6-1), and predict the unsynthesised spectral region 
from 8750 - 10000 A almost as well as the full synthesis (see 
figure 6.1). Results obtained over the further reduced region 
3600 - 7760 A are significantly different from those obtained 
over the full region for the two brightest ellipticals, 
indicating little or no metal-rich component for NGC1404 and 
NGC1399 (table 6-1). This breakdown is similar to that found in 
the wavelength tests in section 5.3. Since these reduced 
syntheses also substantially fail to successfully predict the 
unsynthesised region from 7760 - 10000 A (figure 6.1) , we can 
establish the importance of the near infra-red wavelength region 
to population synthesis work - at least up to the luminosity 
dependant Ca II features at 8498, 8542 and 8662 A. Two 
ellipticals, three lenticulars and JJ104 were not observed to 
this near infra-red limit, although two of the lenticulars have 
observations which extend to 8400 A. Results for these 6 
galaxies (which are marked with an asterisk in column 15) are 
therefore less conclusive than for the other galaxies.
5) The results listed in table 6-1 indicate predominantly young 
ages (5 Gyr) for the ellipticals, and slightly older ages on 
average for the lenticulars. The results of the tests conducted 
in chapter 5 show that CIS syntheses give relatively poor age 
information; these qualitative age characteristics are largely 
confirmed by the detailed syntheses in section 6.3 however.
6.2.3 Syntheses with the Synthesis Standard Spectra (SSS) using 
non-negative constraints only
The results of synthesising the observed galaxy nuclear spectra with 
two SSS flux libraries and non-negative constraints only are presented 
in table 6-2. In this table the percentage light contributions at V
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due to the indicated broad spectral groupings are listed in columns 5 
to 11 for dwarfs, in column 12 for subgiants, and in columns 13 to 17 
for giants. The Horizontal Branch (HB) group (column 17) also includes 
contributions from the four early-type solar abundance and the 
metal-weak F0 giant groups (ref. table 3-2a), but in practice is 
dominated by the bluest B III and metal-weak blue HB groups. A-F4 
dwarf group SSS do not contribute to any of these non-negative 
syntheses and are not listed. Each synthesis has been computed over 
the full spectral region available for each galaxy, the long 
wavelength limits being listed in column 18. The second restricted 
solution listed for each galaxy is obtained by excluding all 
early-type (0-F) dwarf groups from the synthesis flux library, and 
measures the extent to which the solution deteriorates when the 
galactic blue light must be fitted by HB groups alone. This important 
point is discussed seperately in the following subsection 6.2.4.
Non-negative constraints alone have been applied to these syntheses, 
and the results are largely independent of initial synthesis 
configuration (see also section 5.3). Non-negative solutions are 
important because they represent the best possible solution to each 
observed spectrum with the available stellar flux library. Again there 
are several important points to note about the results listed in table 
6-2, which are dealt with in turn.
1) The MERIT function values obtained are in the range 0.03 mag to 
0.06 mag for all the ellipticals and most lenticulars. These 
values are close to those expected from observational errors 
alone (0.03 - 0.05 mag - see section 4.6) , and are lowest for 
those galaxies which are best observed. This clearly indicates 
that the SSS flux library provides a good basis for the 
synthesis of early-type galaxies, and that observational errors, 
rather than missing spectral types, provide the dominant 
contribution to the MERIT function values achieved. The poor 
results for NGC1381 and NGC1380B are attributable to poor 
observations of these galaxies, particularly the faint 
lenticular NGC1380B which was observed solely in the bright sky 
conditions at MSO. [The MERIT function value obtained for the 
emission line galaxy JJ104 is satisfactorily low, indicating
6-7
that the SSS also provide a good basis of upper main sequence 
and horizontal branch stellar groups for the blue stellar 
continuum of this galaxy.]
2) The calculated V light contributions due to G-K giants of 
different metallicities listed in columns 13 to 15 indicate a 
predominantly metal-rich population for the two brightest 
ellipticals (NGC1404 and NGC1399), for the fourth and fifth 
ranked (in nuclear magnitude) ellipticals (NGC1374 and NGC1339) 
and for the third ranked lenticular NGC1387 (SB02pec). Other 
galaxies have indicated metal-rich components of varying 
degrees, generally decreasing with galactic magnitude, although 
these results indicate a substantial metal-rich component for 
the faint elliptical JJ79 which is situated in the cluster core. 
The metallicity results are qualitatively similar to those 
obtained before with CIS syntheses. They indicate a general 
trend with decreasing magnitude from predominantly metal-rich, 
through solar, to predominantly metal-weak abundance; it is 
noticeable that there is significant scatter about this trend 
however. The lenticulars also conform to the trend, with 
indicated metallicity values comparable to those of ellipticals 
of similar nuclear magnitudes, ie. the range bounded by the 
ellipticals NGC1427 and JJ94.
3) The results listed in table 6-2 indicate some partial 'clumping1 
of calculated percentage contributions, particularly around the 
main sequence turnoff (MSTO) group area; there is some residual 
confusion between G dwarfs and G subgiants in these non-negative 
solutions. Other gaps are evident in the main sequence and 
giant branch group contributions when the SSS results are 
examined in detail for each stellar group. Only the faintest, 
poorly observed lenticular NGC1380B displays the degree of 
'clumping' experienced by O'Connell (1976b) in non-negative 
synthesis solutions to scanner data of giant ellipticals. The 
higher resolution and improved spectral feature definition of 
the present data appears to largely prevent clumping, and allows 
the possibility that further improvements in spectral resolution 
would permit accurate, astrophysically plausible, non-negative
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solutions to SSS syntheses. This possibility is important 
because non-negative solutions are simple to perform, require no 
a priori imposition of astrophysical conditions and are largely 
independent of initial configuration.
4) The main sequence turnoff (MSTO) group indicated here for the 
dominantly metal-rich and solar abundance galaxies is the G5-8 
or K0-1 dwarf group, corresponding to turnoff ages between 5 and 
16 Gyr for metal-rich systems and 9 to 20 Gyr for solar 
abundance systems (see table 6-4). The earlier F5-8 dwarf MSTO 
group indicated for predominantly metal-weak systems corresponds 
to a turnoff age of about 6 to 9 Gyr. Galaxies with indicated 
MSTO groups of late-type have significant early G subgiant 
contributions, which are further resolved into G dwarf and G 
subgiant contributions in the constrained solutions in section 
6.3.
5) The values appropriate to each non-negative solution
(column 4) depend almost entirely on the contribution of the 
latest M4-6 dwarf groups, which varies between zero and only 2 
percent of the light at V (0 - 10% at 8000 A) . Only the 
brightest ellipticals (NGC1404 and NGC1399) automatically use a 
late M dwarf contribution at the top of this range, and it is 
perhaps significant that these two galaxies both have reasonably 
large measured NIR Na I (8190 A) LEW - of about 2 A (section 
4.5). In both these non-negative solutions however, there is no 
contribution from the M0-3 dwarf groups, indicating that these 
solutions are not astrophysically plausible; solutions with 
artificially constrained M4-6 dwarf contribution and low M/L^ 
values are almost as good (section 6.4). These solutions 
overall therefore indicate that there is no need to provide 
large M dwarf contributions to satisfy either continuum or 
luminosity dependent line strength requirements. Values of M/Lv 
higher than 20 are excluded for the nuclei of normal early-type 
galaxies, and later constrained solutions show that this is 
definitely an upper limit for the visible fraction. There is no 
real correlation of M/Lv values with either galaxy magnitude or 
morphology, although the brightest two galaxies do have the
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highest M/Lv values. The problem of suitable M dwarf 
constraints and galaxy M/Lv values derived from population 
synthesis is dealt with more fully in section 6.4.
6.2.4 Evolutionary Status of the Blue Stellar Contributors
All of the non-negative solutions listed in table 6-2 indicate a small 
(1 - 2 %) V light contribution from blue stars. These are stars in the 
(V-R) colour range -0.16 to -0.05 (08-B5 dwarfs) in syntheses
permitting upper main sequence (UMS) contributors (top solution listed 
for each galaxy) , or blue horizontal branch (BHB) stars
((V-R) ~ 0.00) in syntheses excluding bluer stars (bottom solution).
The 0-B dwarf components contribute about 25 % of the light at 3700 A 
(U) , and the BHB components about 5 %, with additional U light in 
these restricted solutions coming from early G dwarfs and metal-weak 
giants. The synthesis results therefore clearly indicate that blue 
stars of some type are a necessary ingredient to match the U 
continuum. Further observational evidence for this blue stellar 
component, and the different evolutionary states from which it may 
arise are summarised in chapter 1. The synthesis results can give 
information about the blue stellar component in two ways :
1) they can determine the optimum temperature of the blue stars to 
satisfy both continuum and line strength requirements;
2) they can determine the requisite NUMBERS of stars of given
spectral-type (temperature) and bolometric magnitude
corresponding to stars in different evolutionary positions.
The numbers derived can be examined in terms of their astrophysical 
plausibility to discriminate between the different evolutionary 
origins of these stars: i) new, upper main sequence stars, ii) dying 
stars moving from the tip of the giant branch to the white dwarf 
stage, iii) uv bright stars or iv) blue HB stars. Only two distinct 
evolutionary states have been fully observed in the stellar program 
here : new upper main sequence stars extending to (V-R)c = -0.16
(spectral type 08, Vilnius standard spectrum), and blue horizontal 
branch giants extending to (V-R) = -0.04. The other possible stellar
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components are assumed to have spectra similar to the main sequence 
SSS, but of different absolute magnitudes. Firstly we examine by how 
much the fits achieved are degraded if the very blue UMS synthesis 
groups are excluded, and whether this is acceptable in terms of the 
spectral accuracy and wavelength coverage achieved here. The NUMBERS 
of required stars (UMS or BHB) are then calculated assuming various 
evolutionary phases, and examined in terms of their astrophysical 
plausibility.
6.2.4.1 Fits excluding the Bluest Upper Main Sequence Stars -
The second solution listed for each galaxy in table 6-2 is obtained 
with a restricted SSS flux library from which all early-type (0-F) 
dwarf groups have been excluded. The bluest stellar groups in these 
restricted solutions are therefore the BHB groups of (V-R) > -0.04.
The solutions obtained with the restricted SSS flux library are 
generally quite similar to those obtained with the full library for 
later dwarfs, subgiants and G-K giants. The major stellar composition 
differences between the restricted solutions as compared to the 
unrestricted solutions are :
i) a higher contribution from the MSTO group, or from an earlier 
main sequence group in some cases;
ii) an enhanced contribution from BHB groups (mainly the better
observed B III of (V-R) = 0.05); and
iii) partial replacement in some cases of metal-rich and solar 
abundance G-K giant contributions by contributions from 
metal-weak G-K giants (which are substantially bluer at short 
wavelengths).
Increased metal-weak G-K giant contributions in turn lead to increased 
early M dwarf and/or M giant contributions to replace the red flux 
lost by utilising the bluer giant stars; the spectral fits achieved in 
the red are not significantly degraded in any way however. The MERIT 
function values achieved with the restricted flux library are 
necessarily worse than those achieved with the full SSS library -
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because of the reduction of degrees of freedom. For most galaxies 
however, the deterioration is very low (1 - 4 %) ; detailed inspection 
of the spectral match achieved by both syntheses for these galaxies 
indicates clearly that both fits are acceptable to within the
observational accuracy, which is slightly lower for the HB SSS groups. 
There is no reason to reject the fits with no very blue
((V-R) < 0.00) contribution for these galaxies.
The MERIT function values achieved deteriorate by a significant amount 
(10 % or more) for the 4 galaxies marked by an asterisk in column 3 of 
table 6-2. Detailed inspection of the spectral match achieved by both 
fits for the 3 ellipticals which show significant deterioration (NGC's 
1404, 1399 and 1379) indicate that the restricted fit is significantly 
worse mainly around the Fe I blend (4144 - 4175 A) and H$. The non­
negative fit with UMS stars is also a better fit to the galaxy 
continuum at 3600 A, but the observational accuracy is lower here. 
The observed galaxy nuclear spectrum for NGC1404 in this blue region, 
and the two non-negative fits obtained, are illustrated in figure 6.2. 
This figure shows clearly the deterioration in fit achieved by the 
restricted solution around the Fe I feature. This deterioration is due 
to the reduction of solar and metal-rich G-K giant group contributions 
(where the Fe I feature at 4150 A is strong) in favour of the 
metal-weak G-K giant and G5-8 dwarf groups (where the feature is 
essentially non-existent - see figures 3.2 d,h-m). The increased G5-8 
dwarf contribution also makes the H$line too strong in the restricted 
solution.
The galactic spectra are very well observed at these wavelengths, 
particularly for the two brightest ellipticals where the problem is 
most severe. There are other deviations between observed and 
synthesised spectra (figure 6.2), but none of this magnitude; 
observationally we can definitely conclude that syntheses which fail 
to match the Fe I blend and Hß do so because of real missing spectral 
types rather than just observational error. We are unable to conclude 
however that the inclusion of 0-B dwarfs is the only way to achieve 
good fits to these lines. The detailed syntheses with smooth main 
sequence group constraints (next section 6.3) achieve fits to these 
features intermediate between the two non-negative fits presented
figure 6.2
The measured blue spectrum of NGC1404 (thin line) is 
compared with the best two non-negative synthesis fits 
(thick lines) computed with and without upper main sequence 
(UMS) dwarf groups. The solution with UMS groups (thickest 
line) is a better fit primarily around the Fe I blend 
(4160 A) and H 3, implying some slight ongoing star formation 
in this galaxy.
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here. The constrained solutions also require an enhanced G5-8 dwarf 
contribution, with negligible Fe I blend LEW in the solar abundance 
SSS used here. Since the bright ellipticals are known to be 
metal-rich, we should certainly use here an SSS appropriate to 
metal-rich G5-8 dwarfs, and it is possible that such a spectrum would 
have a sufficiently strong Fe I blend feature strength to adequately 
match that observed in these galaxies. It remains true however, that 
the constrained solutions also favour a small 0-B dwarf contribution. 
We therefore conclude that the brightest ellipticals clearly favour a 
small contribution due to very hot stars ((V-R) < -0.05), and that no
early-type galaxy spectra exclude this possibility. Evolved stars of 
slightly lower temperature CAN provide the blue light observed in 
fainter ellipticals and lenticulars, with negligible deterioration in 
the detailed line fits achieved.
Because new star formation in bright ellipticals would affect their 
colour and luminosity evolution so strongly, it is vitally important 
to obtain a reliable observational test of this possibility. We 
believe that future observations of metal-rich MSTO dwarfs at UBV 
wavelengths will enable population synthesis to resolve this point. 
The most direct approach to this problem however would be to obtain 
good quality spectra of prominent uv luminosity dependent features 
such as C IV at 1550 A (Code and Meade 1979) . This has already been 
achieved with IUE observations of the nucleus of M31 (Welch 1982), 
where the lack of a strong C IV feature excludes the possibility of 
young main sequence stars in this spiral galaxy with a ~flat uv 
continuum. Several giant ellipticals are known to show a much
stronger uv flux turnup than M31, but detailed uv spectra of these 
more distant systems must await Space Telescope observations.
6.2.4.2 Numbers of Stars of different types and Evolutionary positions
Table 6-3 lists the two non-negative solutions obtained for the bright 
elliptical NGC1404 in terms of the percentage light contributions of 
the various stellar groups at 3700 A (which is referred to here for 
convenience as Ü) and 5450 A (V) . The actual numbers of stars 
necessary to provide this flux are listed in column 6, assuming the 
mean group bolometric and absolute magnitudes listed in columns 4 and
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5. The numbers listed are normalised for convenience to a total galaxy 
nuclear luminosity of 10^ Lq (corresponding to about 1 0 ^  Mq and about 
1 0 ^  total stars - these numbers correspond approximately to the 
actual nuclear luminosity observed, which is about 10% of the total 
for bright ellipticals).
The first box of table 6-3 lists the actual values computed for the 
full non-negative solution permitting UMS groups. The 08 dwarf group 
provides 2% of the light at V and a large (26%) contribution at U from 
only 2400 stars (assuming an absolute magnitude consistent with their 
being young main sequence stars). It is interesting to calculate what 
this solution would imply for the uv flux below 1800 A in NGC1404. 08 
stars are about 2.5 magnitudes brighter at 1550 A than at 3700 A (Wu 
et al 1980), so this solution for NGC1404 would predict a galactic 
flux at 1550 A about 2.5 times greater than that at 3700 A. Bertola 
et al (1982) found that about 3000 late 0 stars (of M^ ~ -4) would fit 
the uv flux shortwards of 1800 A observed in NGC4649 (E2/S01) through 
the IUE aperture (which samples a similar galaxy nuclear light 
fraction to that observed here). The observed flux in the ellipticals 
M87 and NGC4649 (Bertola et al 1980, 1982) is roughly equal at 1550 A 
and 3700 A however, so the solution for NGC1404 predicts a uv flux 2.5 
times larger than actually observed in bright ellipticals. 
Considering the small leverage on the U flux in the syntheses here, 
this fit is considered to be quite good. A lowered 08 contribution 
(" 10 % at U) in the fit to NGC1404 can certainly be replaced by an 
increased G5-8 dwarf contribution. It would appear therefore that a 
solution of this TYPE (>10% U light due to 08 stars) is sufficient to 
provide the strong turnup in the uv flux below 1800 A observed in 
giant ellipticals such as NGC4649 and M87.
The second box in table 6-3 lists the actual values computed for the 
restricted non-negative solution with UMS groups excluded. Horizontal 
branch B giant stars provide a smaller but still significant (5%) 
contribution to the U flux, with significant extra U contributions 
coming from G5-8 dwarfs and metal-weak G-K giants. The restricted 
fits are significantly inferior (> 10%) to those achieved with 0-B UMS 
groups present for the bright ellipticals NGC's 1399, 1404 and 1379, 
but are an adequate fit to the other early-type galaxies. The
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restricted fit can not be totally ruled out on the basis of detailed 
line strength fits for the bright ellipticals either because of lack 
of metal-rich MSTO dwarf SSS groups in the present work. The 
metal-weak G-K giant V light contribution in this restricted solution 
is about 20% of the total G-K giant contribution. Since the number of 
metal-weak M giants required by this solution (column 7) is less than 
20% of the total indicated, this solution is entirely plausible in an 
astrophysical sense. An alternative way of expressing this is to note 
that this solution requires a BHB light contribution at V which is 
about 11% of the contribution due to the whole metal-weak K-M giant 
branch, a situation which is quite attainable in globular clusters. 
It is noteworthy that this restricted solution with a small (5% at U) 
contribution due to blue horizontal branch stars is sufficient to 
provide the ~flat uv continuum observed in the spirals M31 and M81 (Wu 
et al 1980, Bruzual et al 1982, Welch 1982) and in the ellipticals 
NGC3379 and NGC4472 (Oke et al 1981).
The blue stars providing the U flux in these two non-negative 
solutions need not necessarily be young stars or blue horizontal 
branch stars. The next two boxes in table 6-3 list the numbers of 
stars which would be required to provide the U flux if they were 
either dying stars, moving with roughly constant = -4.7 (see
table 3-2a) across from the tip of the giant branch, or uv bright 
stars of assumed mean  ^ = -3.0 (see eg. Harris et al 1983). For 
each evolutionary possibility, numbers are calculated assuming stars 
of spectral type 08 and B5 appropriate to satisfy either the 
unrestricted or the restricted solutions respectively.
Dying stars z_
5Dying stars take only about 10 years to traverse from the tip of the 
giant branch, compared with typical upper giant branch (M, ^ brighter
"7than -1) lifetimes of ~10 years (see eg. Gingold 1977a). The number 
of dying 08 stars required to provide at least 10% of the flux at U 
therefore implies an enormous 3 million M giants (column 7) , which 
clearly discounts this possibility. The numbers calculated indicate 
that hot dying stars could possibly provide about 2% of the flux at U, 
ie about one third of that consistent with the restricted solution.
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Since the relative numbers of M giants decrease with decreasing
galactic luminosity and decreasing metallicity, dying stars can never 
contribute significantly to the U flux in any galaxy.
UV bright stars z_
We next assume that the blue stars are somewhat fainter uv bright 
stars, and allow them to spend 5% of their upper giant branch
lifetimes in the extremely blue evolutionary phases required to
provide B type starlight. This time estimate is derived from
extrapolations of evolutionary tracks of possible stellar models 
(Gingold 1976, 1977a) and must be considered a generous upper limit. 
We again find that the numbers of stars required directly rules out 
the possibility that uv bright stars can provide a significant (> 10%) 
U flux from 08 type stars. UV bright stars could provide 5 % of the U 
light if stars in these phases spent about 12 % of their time in 
blueward loops taking thorn to temperatures greater than 10000 K. This 
seems unlikely for any reasonable variations of metallicity or helium, 
and is discounted here. Harris, Nemec and Hesser (1983) have recently 
argued that uv bright stars could account for about half of the uv 
flux observed in the nucleus of M31 (which is almost certainly due to 
hot evolved stars, Welch 1982). This estimate is numerically similar 
to that derived here if these stars contribute half the low (5% at 
3700 A) amount of blue flux consistent with an M31 type uv spectrum. 
This hypothesis would require all the giants to be metal-weak however, 
which would certainly lead to problems in fitting detailed line 
strengths. It is more plausible to ascribe the majority of the uv 
flux in the restricted solution to the much more numerous blue 
horizontal branch stars, which require only a modest metal-weak giant 
contribution to satisfy number constraints.
6.2.4.3 Conclusions regarding Blue stars -
1) A large (> 10 %) U contribution due to 08-B5 stars is FAVOURED 
to properly synthesise the DETAILED LINE STRENGTHS of the 
brighter ellipticals NGC's 1404, 1399 and 1379; a contribution 
of this strength can only come from upper main sequence stars 
and constitutes strong evidence for recent star formation in at
6-16
least these galaxies.
2) A similar new main sequence component is preferred in most of 
the other galaxies, but the spectra of these galaxies CAN be 
adequately synthesised by a smaller (5 % at U) contribution from 
blue horizontal branch stars and an enhanced metal-weak giant 
contribution.
3) We find it interesting that a large (~10% at U) contribution due 
to 08-B5 stars would produce the strong turnup in the uv flux 
below 1800 A observed in giant ellipticals such as M87 and 
NGC4649. A smaller (~5% at U) contribution due to slightly 
cooler blue horizontal branch stars would provide the ~flat uv 
continuum observed in the spirals M31 and M81 and bright 
ellipticals such as NGC3379 and NGC4472. We therefore speculate 
that the observed differences in uv spectra are due to a small 
amount of ongoing star formation in those galaxies with strong 
observed uv flux turnups. The three ellipticals NGC's 1404, 1399 
and 1379 are predicted to show a strong turnup in their uv flux 
below 1800 A.
4) Dying stars moving from the tip of the giant branch CAN NOT be 
present in sufficient numbers to provide the necessary U flux in 
any early-type galaxies.
5) UV bright stars CAN NOT provide the necessary U flux in bright, 
metal-rich early-type galaxies; they could provide a significant 
proportion of the uv light in fainter, metal-weak galaxies.
6.2.5 The Emission Line Galaxy JJ104
A significant deterioration in achieved MERIT function value also 
occurs when using the restricted flux library for the emission line 
galaxy JJ104, which has a high 0-B dwarf contribution of 12 %
indicated when the full SSS flux library is used. The solution 
obtained with the full SSS flux library gives a better match to the 
observed galaxy nuclear spectrum around H£, the G band and 
particularly By/ hut the spectral quality for this faint galaxy is not
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sufficient to rule out the restricted solution on these grounds alone. 
The restricted solution indicates a massive (40 %) contribution at V 
due to horizontal branch groups, greater than that due to G-K giants 
of any metallicity. This solution is therefore astrophysically 
impossible. The non-negative solution to the stellar continuum 
obtained with the full SSS library appears quite plausible for this 
galaxy which demonstrates strong nuclear activity (figure 4.If), and 
for which recent nuclear star formation is not unlikely.
The galaxy JJ104 has been synthesised with a weighting function set to 
zero at the emission line regions. This procedure assumes that the 
galaxy continuum is due to stars alone; other possible continuum 
sources such as free-free or synchrotron radiation in this active 
galaxy nucleus are not specifically considered.
6.2.6 Fornax Cluster - Foreground Reddening
Table 6-5 shows the calculated MERIT function from non-negative 
solutions to NGC1404 for dereddening appropriate to various assumed 
values of foreground E(B-V). The calculated MERIT function increases 
slowly and monotonically as the assumed dereddening is increased, and 
is lowest for no dereddening. The synthesis test of reddening has 
been introduced by O'Connell (1976b, 1980); it relies on the 
hypothesis that the best fits will be achieved when the continuum is 
correctly dereddened, as this will cause the least perturbation to the 
ability of the synthesis procedure to match the spectral features. 
This test is not regarded as conclusive, but is definitely supportive 
of the zero reddening assumed in all subsequent syntheses. Note that 
even large amounts of assumed reddening do not affect the MSTO group. 
The resultant mass to light ratio and metal-rich to solar abundance 
metallicity ratio both increase slightly with increasing reddening. We 
stress that foreground reddening can have no bearing on the 
DIFFERENTIAL results presented here.
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6.3 DETAILED GALAXY SYNTHESES - DIFFERENTIAL DETERMINATION 
OF METALLICITY AND AGE
6.3.1 Introduction and Constraint Sets
Each of the 17 early-type galaxy nuclear spectra have been synthesised 
over the full available spectral range for a series of several 
constraint sets. The constraint sets for each galaxy are chosen to 
encompass the coarse age structure indicated to apply from the 
preliminary syntheses above. The constraint sets are chosen to be the 
simplest possible to ensure smooth astrophysical continuity, with no 
imposed metallicity or overt mass to light ratio constraints. The 
initial configuration for each synthesis has been chosen to conform 
with the metallicity indicated by the preliminary syntheses.
Each constraint set selects a main sequence turnoff group (MSTO) in 
the range F5-6 V to K0-1 V, and sometimes excludes the main sequence 
group(s) immediately to the blue. The turnoff ages corresponding to 
each MSTO configuration for the 3 different metallicities used here 
are listed in table 6-4; the turnoff ages have been taken from the new 
Yale Isochrone tabulations (Green et al 1983) . The age resolution has 
been increased slightly by discriminating between G5-8 dwarf turnoff 
configurations which either have or do not have early G subgiant 
contributions, and between K0-1 dwarf turnoff configurations with and 
without mid G subgiant contributions. The number constraints 
appropriate to each turnoff configuration have been constructed by 
reference to the actual group number ratios determined for the various 
CIS (listed in chapter 3), but allow at least 100% tolerances on these 
ratios in most cases. The standard and particular constraints adopted 
for each constraint set are summarised in table 6-6; the constraint 
sets impose :
i) smooth non-decreasing constraints on the main sequence dwarf 
groups later than the adopted MSTO group, with looser 
constraints on the selected turnoff group itself.
ii) loose relative number constraints on the metal-rich, solar 
abundance and metal-weak G-K giant groups seperately, with no
Table 6-4 Yale Isochrone Ages corresponding to Main Sequence Turnoff 
groups for populations of different meta11icities
T urno f f 
Group
Log Te
Ages in Gyr
metal
-rich
so lar metal 
—wea k
A7-F1 V 3. 87 2 - 4
F2-4 V 3. 82 2 - 3 4 - 6
F5-6 V 3. 80 2 - 3 3 - 4 6 - 9
F7-8 V 3. 78 3 - 4 4 - 6 9 - 1 4
GO-4 V 3. 76 4 - 5 6 - 9 14 - 17
G5-8E V 1 3. 75 5 - 7 9 - 1 2 ~20
G5-8 V 3. 75 6 - B 12 - 16 ~20
KO-1 V 3. 72 8 - 1 2 ~18 >25
K0-1L V1 3. 72 12 - 16 ~22 >25
K2-3 V 3. 68 >25
Notes 1) Turnoff ages refer to synthesis solutions which include early 
G subgiant contributions as well as G5-8 dwarf contributions. 
2) Turnoff ages refer to synthesis solutions which have no 
mid G subgiant contributions.
Table 6-5 Calculated merit function as a function
of foreground reddening.
NGC1404 - non-negative solutions
Ass umed 
E(B-V)
Meri t 
(ma g )
. 00 . 0331
. 01 . 0333
. 02 . 0336
. 03 . 0338
. 04 . 0341
T a b l e  6 -6 C o n s t r a i n t  S p e c i f i c a t i o n s
T u r n o f f
g r o u p
E x c l u d e d
g r o u p s
Ex t r a  
n o n - n e g
F 2 - 4  V n o n e n o n e
F 5 - 6  V n o n e n o n e
F 7 - 8  V F 5 - 6  V n o n e
GO-4 V n o n e F 5 - 8  V
G 5 - 8 E  V GO-4 V F 5 - 8  V
G 5 - 8  V G0-4V,  e l V F 5 - 8  V
KO-1 V G0-8V,  e l V F 5 - 8  V
>_JT-<1oa: G0-8V,  emIV F 5 - 8  V
S t a n d a r d  N o n - n e g a t i v e  g r o u p s  
□3 -  F4  V
B -  I F  I I I ,  HB, ujkF I I I  
M6 I I I
S e q u e n c i n g i n  i n c r e a s i n g  o r d e r
M5 - 6  V t  O t u r n o f f  g r o u p
l i 6 I I I t o MO—2 I I I
A d d i t i o n a l  S t a n d a r d  C o n s t r a i n t s
P e r m i t t e d  r a t i o s
t o  b a s e  g r o u p
B a s e  g r o u p S e l e c t e d  g r o u p s h i g h 1 o u
r K l - 2
+ s K 0 - 2
I I I 
I I I
t o t a l  IV 3. 0 1. 0
+UJK0-2 I I I MO-2 I I I 0.  0 8 0.  0 0 3
r K l - 2 I I I r G 5 - K 0  I I I 1. 1 0.  2
I I r K 3  I I I 0.  5 0.  1
I I r K 4  I I I 0.  11 0.  0 2
I I r K 5  I I I 0.  0 7 0.  01
s K O - l I I I s G 5 - 9  I I I 1. 4 0.  3
I I sK2 I I I 1. 1 O. 3
I I sK3 I I I 0. 5 O. 13
I f sK4 I I I 0. 12 0.  0 3
I f sKO I I I 0.  04 0.  01
uKO-2 I I I ujG5 I I I 4. 0 1. 0
I I ujG 8  I I I 6. 0 2.  0
I I UJK3-4 I 11 0. 5 0 . 1
interconnection. For galaxies with no indicated metal-rich or 
metal-weak giant contribution, the relevant constraints are 
relaxed to simple non-negative requirements.
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iii) loose constraints on the relative contributions due to the 
different subgiant groups, with an overall limitation on the 
contribution due to these groups equal to 3 times the number 
contribution due to the sum of metal-rich, solar abundance and 
metal-weak K0-2 giant groups. This latter constraint follows 
from the relative stellar numbers calculated for the CIS from 
the new Yale Isochrones (Green et al 1983) , and is necessary 
to adequately discriminate between G dwarfs and subgiants in 
some syntheses.
iv) non-negativity constraint on the latest M6 giant group and 
smooth non-decreasing constraints applied to the other M giant 
groups in order of reverse spectral type. This allows each 
synthesis to freely select the latest M giant group 
appropriate to each galaxy, and forces the M giant sequence to 
be smoothly decreasing (in numbers) to this chosen group. 
There is an additional constraint imposed on the numbers of 
the earliest M0-2 giant group, to lie between 0.08 and 0.003 
of the summed K0-2 giant group numbers. This latter constraint 
is removed for the fainter galaxies with very weak indicated M 
giant branches.
v) simple non-negativity constraints applied to the upper main 
sequence and horizontal branch giant (6) groups.
One serious problem which remains unresolved in the initial 
constrained syntheses below is the question of the late M dwarf 
contribution and mass to visual light ratios (M/L^) . Several of the 
constrained galaxy syntheses presented below adopt a V light M5-6 
dwarf group contribution of 1 to 2%, resulting in relatively high M/L^ 
in the range 10 to 20. This contribution is not impossible in an 
absolute sense, but is achieved here at the expense of an 
astrophysically unacceptable jump in the luminosity function for late 
dwarf types.
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Although the M/L problem is a serious one, changing the M dwarf 
contribution has no effect on either the best fit MSTO or the 
metallicity structure of the G-K giant branch. The procedure adopted 
here is therefore to determine the metallicity structure, MSTO group 
and approximate age of each galaxy in syntheses which allow the M 
dwarf contribution to run free. The problem of the M star population 
is investigated more fully in section 6.4, and upper limits on the 
mass to light ratios derived via the synthesis techniques are compared 
with dynamical values derived from velocity dispersion measurements.
6.3.2 Detailed Syntheses with simple M dwarf sequencing
The results of the detailed syntheses with simple M dwarf sequencing 
are summarised in table 6-7. Each fit lists the galaxy and type 
(columns 1,2), the constraint set imposed (column 3) , the achieved
MERIT in mi Hi-magnitudes (column 4), the MSTO group actually adopted 
(column 7) and the long wavelength limit of each synthesis (column 
16). The percentage V light contributions due to the MSTO, the three 
subgiant and the summed metal-rich, solar abundance and metal-weak G-K 
and HB giant groups are listed in columns 8 - 15. For reference, the 
two non-negative solutions are also given for each galaxy; 48NN refers 
to the full non-negative solution and 38NN to that with the upper main 
sequence groups excluded. There is significant confusion between G 
subgiant and MSTO groups in some of these non-negative solutions
however.
In these fits a constraint set which attempts to force an MSTO group 
earlier than that for which the best fit is obtained, frequently 
results in an unrealistic solution which does not in fact satisfy the 
constraints. This situation is labelled NRS (no reasonable solution) 
in table 6-7, and indicates that several initial configurations were 
attempted for the particular constraint set, none of which produced a 
solution which would converge to satisfy the constraint set. The
results of the tests conducted in chapter 5 show that age
determinations via population syntheses can err only to the young side 
for a flux library which adequately covers the metallicity of the 
galaxy being synthesised. The turnoff ages determined here have to be
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taken as lower limits, but clearly can not be substantially wrong as 
syntheses will simply not converge if too early an MSTO group is 
imposed. The turnoff ages derived correspond to the turnoff group 
associated with the latest significant period of star formation.
A galaxy mean [Fe/H] value is derived for each synthesis solution by 
weighting the adopted isochrone metallicity values by the relative V 
light fractions (approximately equal to the relative mass fractions) 
determined for the G-K giants of different metallicities, and 
including the HB giant contribution with that of the metal-weak G-K 
giants. A turnoff age corresponding to the indicated MSTO group in 
each solution is similarly derived by interpolating between the values 
listed in table 6-4, again using the relative V light fractions 
obtained for the G-K giant branches of different metallicities and 
including the HB contribution with that of the metal-weak G-K giants. 
The derived mean metallieity and turnoff age appropriate to each 
solution are listed in columns 5 and 6 of table 6-7.
The [Fe/H] values appropriate to the metal-rich, solar abundance and 
metal-weak G-K giant branch sequences have been taken for simplicity 
here as 0.4, 0.0 and -0.6 respectively, corresponding to the isochrone 
metallicities adopted in chapter 3. Because all non-solar abundance 
solutions are diluted by varying proportions of solar abundance dwarf 
and subgiant contributions, the listed mean galactic metallicities can 
not be taken as absolute. The fits to the brightest ellipticals do not 
fully match the strong Mgb and NaD lines observed in these metal-rich 
systems. The inclusion of metal-rich dwarfs of [Fe/H] =0.4 is quite 
likely to remedy this problem however, and higher metallicity values 
are not necessarily required. The metal-weak groups actually used 
have [Fe/H] values much lower than that adopted here (table 3-2b), but 
dilution with solar abundance dwarf groups means that the intermediate 
value in the vicinity of [Fe/H] = -0.6 is applicable. The high [Fe/H] 
value of 0.4 is considered to be a reasonable value for the bright, 
metal-rich systems, although higher values cannot be excluded. The low 
[Fe/H] value of -0.6 is an upper limit for the faintest galaxies 
0333-36 and JJ104 which utilise exclusively metal-weak giants, and are 
clearly very metal-weak.
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The MSTO ages derived from these syntheses depend on the metallicity 
structure on the G-K giant branch, and vice versa. A lower derived 
mean galactic metal licity implies an older age for a given MSTO group 
(see table 6-4), and different constraint sets result in different G-K 
giant branch metallicity structure. Because of this close 
interdependence, the derived turnoff ages and metallicities are 
discussed jointly.
For the brighter galaxies, the MERIT function achieved shows a well 
defined minimum with respect to the constrained turnoff group. An 
asterisk in column 3 indicates the best fit achieved for each galaxy. 
The adopted best fits to the brighter galaxies permit OB dwarf groups 
to be utilised, and result in G-K giant metallicity structures similar 
to those obtained in the unrestricted non-negative solutions (48NN) 
obtained earlier and repeated here for convenience. The results of 
section 6.2 show that the brighter galaxies CAN also be synthesised 
with OB dwarf groups excluded, although the MERIT function values 
achieved in restricted syntheses are worse. The mean metallicities and 
turnoff ages corresponding to the restricted non-negative fits (38NN) 
are therefore also listed in table 6-7 for the brighter galaxies.
For the fainter galaxies the standard constraint sets still highlight 
a particular MSTO group fairly well, but also indicate a significant 
contribution from earlier F-type groups. If these stars are main 
sequence dwarfs, then this indicates either a dominant young age (~3 
Gyr) or a system of multiple epochs with a substantial young 
contribution. For the fainter more metal-weak systems however, we 
expect confusion to arise between the A-F dwarf groups and horizontal 
branch groups. The horizontal branch groups are less well observed on 
average, and extra noise in the HB SSS may inhibit their inclusion if 
dwarf stars of similar spectral type are available in the flux 
library. The fainter galaxies have therefore also been synthesised 
with constraint sets which exclude all dwarf groups earlier than the 
selected MSTO group, and force higher HB giant contributions. These 
solutions are identified in table 6-7 by the code 'HB' appended to the 
constraint set code. The best HB fits obtained for the fainter 
ellipticals are marked with a double asterisk in column 3 of table 6-7 
and are only 1 to 5 % worse than solutions with A-F dwarfs present.
6-2 3
Inspection of the spectral match obtained in both cases indicates that 
there is no reason to reject the HB fits on the basis of either 
continuum or detailed line fits. The best HB fits indicate turnoff 
ages in the range 8 to 10 Gyr, and these are adopted as being the most 
astrophysically reasonable. Only JJ79 will not easily conform to the 
restricted HB solution, because of its high indicated metallicity. 
This galaxy is further discussed in subsection 6.3.5.
6.3.3 Trend of Turnoff Age with Luminosity
The turnoff ages corresponding to the adopted best solutions for each 
galaxy are plotted as a function of nuclear V magnitude (see chapter 
4) in figure 6.3a. The ellipticals and lenticulars are plotted as 
filled and open circles respectively, and a line is drawn to indicate 
the mean regression of turnoff age with magnitude for the adopted best 
solutions to ellipticals only. Open circles enclosing the symbol 1H * 
are also plotted for the brighter galaxies whose indicated turnoff
ages are significantly different if OB dwarf synthesis groups are 
excluded (see table 6-7). These points are connected to the points
representing the adopted best synthesis solutions by dashed lines. Two 
points are also plotted for the faint elliptical JJ79, which is 
discussed in subsection 6.3.5. Estimated two sigma errors of + 2 Gyr 
for the brighter galaxies and +_ 3 Gyr for the fainter galaxies are
indicated in the figure. These errors are appropriate to a single
turnoff age determination with a given synthesis flux library; they do 
not include errors caused by uncertainty concerning the presence or 
otherwise of the OB dwarf groups.
OB dwarf groups permitted
The adopted best solutions for ellipticals (filled circles) which 
permit the presence of OB dwarf groups in brighter galaxies show a 
clear trend with magnitude, with younger turnoff ages indicated for 
the brighter ellipticals. This trend cannot be removed by any 
reasonable change to the metallicity calibration for either bright or 
faint galaxies. If the inclusion of metal-rich dwarfs can not fully 
match the observed Mgb and NaD line strengths in bright ellipticals, 
then these galaxies can only be more metal-rich - implying younger
figure 6.3 a
The ages corresponding to the main sequence turnoff groups 
as determined by the adopted best constrained synthesis fits 
to early-type galaxies, are plotted as a function of nuclear 
V magnitude. Ellipticals and lenticulars are plotted as 
filled and open circles respectively, with a seperate symbol 
for the emission line galaxy JJ104. The solid line 
represents the mean regression of turnoff age with nuclear V 
magnitude for the ellipticals (filled circles) only. The 
derived turnoff ages corresponding to the best non-negative 
synthesis fits (excluding UMS groups), are plotted as open 
circles enclosing the symbol 'H' for several galaxies whose 
indicated ages change markedly in these restricted 
horizontal branch fits. These points are attached to the 
points representing the adopted best synthesis solutions by 
vertical dashed lines. The horizontal dashed lines enclose 
the majority of the derived points, and indicate no trend of 
turnoff age with luminosity if UMS groups are excluded.
figure 6.3 b
The mean metallicities determined by the relative V light 
contributions of metal-rich, solar abundance and metal-weak 
G-K giants in the adopted best constrained syntheses are 
plotted as a function of nuclear V magnitude. The symbols 
are as in in figure 6.3a above. The approximate position of 
M32 in these plots is indicated by the symbol 'M'. The line 
represents the mean regression of mean metallicity with 
nuclear V magnitude for the ellipticals (filled circles) 
only. The derived mean metallicities corresponding to the 
best non-negative solutions excluding UMS groups are again 
plotted as open circles enclosing the symbol ' H' for several 
bright galaxies, and attached to the points representing the 
adopted best synthesis solutions by dashed lines.
•  E © HB So lu t io r( Q ) Ag e
A JJ104 
M M32
(b) M e t a l l i c i t y
v  - 0.2
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turnoff ages. The metallicities of the fainter galaxies may err to 
values which are too high, but lower [Fe/H] values would imply older 
turnoff ages for these galaxies. The trend of turnoff age with 
luminosity follows directly if we allow the possibility that at least 
some bright ellipticals have some slight ongoing star formation in 
their nuclei, resulting in a small contribution (1 - 2 % at V) due to 
OB dwarfs. The solutions WITH OB dwarf contributions are those which 
best fit the detailed line strengths of the three bright ellipticals 
NGC's 1404, 1399 and 1379.
The turnoff ages of 6 to 9 Gyr derived for the brighter ellipticals 
are relatively young, and indicate that substantial star formation has 
occured until at least 7 Gyr ago in several bright ellipticals. The 
indicated early or late G dwarf MSTO group corresponds to that derived 
for bright Virgo ellipticals (O’Connell 1976b), with the implied 
turnoff ages of bright Virgo ellipticals being also in the range 6 to 
9 Gyr when allowance is made for the high metallicity of these 
systems. Recent estimates show the ages of Galactic globular clusters 
to be in the range 15 to 18 Gyr (VandenBerg 1983) . Assuming that
significant star formation occurred at these early epochs in the
Fornax galaxies also, then these results indicate that star formation 
has occurred (continuously or in bursts) over a period of 8 to 10 Gyr.
The results derived here show that the only possible trend of turnoff 
age with luminosity is towards younger ages (more extended star
formation) for brighter galaxies. These results therefore do not 
conform with the suggestion by Gott and Thuan (1976) that star 
formation might continue for longer in fainter galaxies (see
subsection 1.2.2). A trend of turnoff age with luminosity, if it 
exists, is most easily interpreted as indicating that substantial star 
formation has occurred (either continuously or in bursts) for longer 
in brighter galaxies.
OB dwarf groups excluded
There is no trend of turnoff age with luminosity if we reject 
solutions with OB dwarfs and ascribe the resulting poor fits (to metal 
line strengths) to flux library deficiencies, such as a lack of
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metal-rich G dwarf groups. The solutions with no OB dwarf groups 
permitted (filled circles or open circle enclosing the symbol ' H') 
indicate turnoff ages scattered between values of 7 and 10 Gyr, with 
no correlation with luminosity. These results still indicate quite 
young turnoff ages however, and still require substantial star 
formation occuring until at least 7 Gyr ago in several bright 
ellipticals.
Comparison between lenticulars and ellipticals
The lenticulars show turnoff ages which are significantly older in the 
mean than ellipticals of similar absolute magnitude. This seperation 
remains even if we reject the poorly observed lenticulars NGC1381 and 
NGC1380B, and is emphasised if solutions with OB dwarfs are rejected. 
This difference indicates that substantial star formation terminated 
earlier in lenticulars as compared to ellipticals of similar absolute 
magnitude. The turnoff age of NGC1380B is very poorly determined and 
this galaxy is not plotted in figure 6.3b.
6.3.4 Trend of Mean Metallicity with Luminosity
The mean [Fe/H] values corresponding to the adopted best solution for 
each galaxy are plotted as a function of nuclear V magnitude in figure 
6.3b. The metallicity scale shown is based on the [Fe/H] values 
adopted for the three G-K giant branch metallicity sequences. Values 
of [Fe/H] for the galaxies are relatively correct in this plot to 
within the estimated two sigma error bars marked, but neither the zero 
point nor the scale of this plot are known with any certainty. A line 
is drawn to indicate the mean regression of [Fe/H] with nuclear V 
magnitude, for the adopted best solutions for ellipticals only 
(excluding JJ79).
Open circles enclosing the symbol 'H' again indicate the results 
obtained when OB dwarf groups are excluded, and horizontal branch 
groups provide more of the blue light.
Figure 6.3b shows a clear trend with magnitude, with the bright 
ellipticals being at least 10 times more metal-rich than the faintest
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elliptical 0333-36. The scatter about the mean relationship is 
greater than the estimated errors, indicating real intrinsic 
dispersion in the relationship between metallicity and absolute 
magnitude. The trend remains if we reject solutions with OB dwarf 
groups present. The resulting mean elliptical regression in this case 
has a similar slope, but is shifted downwards slightly in figure 6.3b 
to lower mean metallicities. The results show a decrease of mean 
metallicity by at least 0.16 dex per magnitude interval over the 6 
magnitude range of absolute magnitude studied here.
The [Fe/H] values derived for the lenticulars are slightly lower on 
average than for ellipticals of similar luminosity, an effect which is 
probably related to the earlier cessation of star formation in these 
systems. The lenticulars conform well to the mean elliptical trend of 
decreasing metallicity with decreasing luminosity.
6.3.5 Comparison of the faintest ellipticals JJ79 and 0333-36 with M32
The faintest Fornax elliptical 0333-36 has an absolute magnitude 
similar to that of M32, whilst the faint elliptical JJ79 is
intrinsically about 1 magnitude brighter (see chapter 4, a distance 
modulus of 31.8 is assumed) . It is interesting to compare the
synthesis results for these faint galaxies. O'Connell (1980) has
shown that M32 has a turnoff group around F8, implying substantial 
star formation up to ~5 Gyr ago for a system which has roughly solar 
abundance (the approximate position of M32 is marked by a symbol M in 
figs. 6.3a,b) . M32 is very close to M31 however, and it is possible 
that relatively recent star formation in M32 is a consequence of tidal 
interaction with its spiral companion (see Faber 1973a). It is
important to know whether O'Connell's results for M32 can be 
extrapolated to other low luminosity systems which are not in close 
association with a massive companion.
The results for 0333-36 show a small (2% at V) contribution due to 
A4-6 dwarfs when UMS groups are permitted in the flux library. This 
contribution may indicate some recent star formation in the faintest 
elliptical studied in the Fornax cluster. The best solution with UMS 
groups excluded is indistinguishably worse however, and 0333-36 can be
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well fitted with an F5-6 MSTO group and a strong blue horizontal 
branch (see table 6-7). The synthesis results indicate clearly that 
0333-36 is very metal-weak, with [Fe/H] <_ -0.6, so a strong blue HB is 
quite acceptable in this system. The F5-6 dwarf turnoff group implies 
that star formation terminated at least 8 Gyr ago in this faint, 
metal-weak galaxy.
The faint elliptical JJ79 shows a strong contribution from F5-6 dwarfs 
in syntheses permitting UMS groups. This implies young star formation 
in JJ79 if the metallicity is solar or greater and these blue stars 
are on the main sequence. The restricted solution for JJ79 with a 
G0-4 MSTO and a small (4% at V) contribution from HB groups gives a 
fit to the observed galaxy spectrum which is marginally worse around 
the He line. The restricted HB fit can not be discounted on the basis 
of either continuum or detailed line fits however; both fits are quite 
acceptable to within the observational accuracy. Because there are 
strong indications that the metallicity of JJ79 is high, the 
restricted fit for JJ79 can be questioned on the basis of 
astrophysical plausibility. It is difficult to reconcile a 
significant blue HB (mainly B III) with either the above solar 
metallicity indicated by the non-negative and unrestricted fits, or 
even the ~solar metallicity indicated by the restricted fit. The blue 
HB contribution in JJ79 is twice that in NGC1336, for which an 
[Fe/H] <_ 0.0 is indicated by the non-negative solutions.
The conclusion here for JJ79 is that either i) the metallicity has 
been overestimated due to observational error; ii) the helium 
abundance is higher than normal to permit some blue HB stars or iii) 
the blue stars are main sequence F5-6 dwarfs implying that substantial 
star formation occurred as recently as 3 Gyr ago. The first and third 
possibilities can not be resolved without further observations; two 
possible solutions for JJ79 are plotted in figures 6.3a,b connected by 
a dashed line.
It is interesting to compare the cluster environments of the two 
faintest Fornax ellipticals. 0333-36 was specifically selected to be 
well removed from any massive companion, whereas JJ79 lies in the 
cluster core and is close to 4 other early-type galaxies studied here
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(see figure 4.1 and frontispiece) . The comparison of M32 with two 
faint Fornax ellipticals therefore suggests that the recent star 
formation and high (solar) metallicity of M32 are likely consequences 
of its environment, close to M31. Faint ellipticals close to more 
massive companions may well show evidence for recent star formation 
and anomolously high metallicity for their luminosity. Faint 
ellipticals which are not in close connection to a more massive 
companion are likely to be very metal-weak and to have stopped star 
formation at least 8 Gyr ago.
6.3.6 Details of Adopted Best Synthesis Solutions
The adopted best synthesis solutions obtained for each galaxy using 
simple M dwarf sequencing are plotted in figures 6.4 (a-s). Each 
figure shows the galaxy nuclear spectrum (thin line normalised to 100 
at V) and the synthetic fit (thick line) plotted as F(A) versus A.
The relative contributions due to indicated broad spectral groupings 
are also plotted, with some contributions being thickened slightly to 
avoid confusion. The adopted best constraint set from table 6-7 is 
indicated at the top of each figure, and two possible solutions for 
JJ79 are shown in figs. 6.4 k,l. The relative contributions of late M 
dwarf and M giant SSS are not well defined in these syntheses; the M 
dwarf contributions and M/L^ values should be taken rather as upper 
limits. The relative proportions of G-K dwarfs, subgiants and G-K 
giants of different metallicities are well determined in these plots 
however.
The synthesis solutions (thick lines) presented in figures 6.4 show 
generally good fits to the observed galaxy nuclear spectra (thin 
lines) . Failure to fit the NaD line properly in the bright galaxies 
may reflect simply the lack of metal-rich dwarf SSS in the present 
flux library, and metallicities higher than observed here in G-K 
giants are not necessarily indicated. The long wavelength limit of 
syntheses of galaxies without CCD observations is indicated by a 
vertical arrow in these figures, with the galaxy flux predicted by the
figures 6.4 (a-s)
The measured nuclear spectra of each galaxy (thin lines) are 
compared with the adopted best synthesis solution (thick 
lines) as functions of wavelength. The galaxy spectra are 
normalised to 100 at V. The galaxy names and types are 
indicated in the top left of each figure, as are the adopted 
turnoff configurations (see table 6-7). Upper limits to the 
galactic mass to light ratios derived from these syntheses 
are also indicated; these values are quite uncertain for 
galaxies with no near infra-red observations. A vertical 
arrow indicates the long wavelength limit of syntheses to 
galaxies without OCD observations. Two solutions for JJ79 
are plotted in figures 6.4 k,l. Prominent spectral features 
are identified in figure 6.4a and other figures as 
appropriate. The relative contributions due to the indicated 
broad stellar groups are indicated as thin spectra in the 
lower portion of each figure.
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syntheses being indicated by a continuation of the model spectrum. The
synthesis solutions show :
1) A significant contribution (40 - 50 % at V) from subgiants and 
G-K dwarfs in all ellipticals. This fact may affect galaxy 
dynamical mass to light ratios determined by fourier techniques. 
Stellar templates used to determine velocity dispersions should 
include G-K dwarf and subgiant types as well as G-K giants.
2) A contribution from G-K giants of all metallicities decreasing 
generally progressively from 50 - 60 % at V for the brightest 
ellipticals, to about 20 % at V for the faintest ellipticals.
3) The dominant V light contribution to the faint ellipticals comes 
from the main sequence turnoff groups.
4) The contributions due to G-K giants are relatively slightly
higher in lenticulars as compared to ellipticals of the same
absolute magnitude, whilst the contributions due to G-K dwarfs 
and subgiants are slightly lower. These differences reflect the 
later turnoff groups determined for lenticulars as compared to 
ellipticals.
5) A significant OB dwarf contribution is shown in all synthesis 
solutions which permit these groups. As stated previously, this 
contribution can be replaced by horizontal branch starlight and 
an enhanced metal-weak component. This change results in worse 
fits around the metal lines for the bright ellipticals NGC's 
1404, 1399 and 1379 however.
6) The horizontal branch component increases roughly in step with
the proportion of light due to metal-weak G-K giant groups in
these adopted best synthesis solutions.
7) The brighter galaxies show a significant M dwarf contribution, 
but this could be overestimated in these solutions with simple M 
dwarf sequencing constraints. The use of metal-rich G-K-M dwarf 
group SSS may well reduce the number of M6 dwarfs required to
T a b l e  5 - 8  ( c - i ) S o l e c t e d  Galaxy S y n t h e s i s  De ta i l s
a) NGC 1404 E2 G 5 - B E  M E R IT  = O 0 3 5 6  N s t a r  = 1 . 1  E l l  M / L v  < I B
SSS g r o u p
S t  e 1 l a r  
Numb e r  s 7. M ass
7 L i g h t C o n t r i b u t i o n  s a t
3 7 0 0  A 4 5 0 0  A 5 4 5 0  A 8 0 0 0  A lOOOO A
OB V 2. 1 E3 0. 0 2 2 .  1 4. 9 2. 0 0. 5 0. 2
B 1 - 9 V 1 . 1 E4 0. 0 0 .  7 0. 5 0. 2 0. 1 0. 0
G 5 - 8 V 9. 1 E7 0. 5 1 3 .  9 10. 2 8. 4 5. 0 3. 7
K O -1 V 9. 1 E7 0. 5 6 .  6 5. 5 4 . 6 3. 1 2. 5
K 2 - 3 V 5. 4 EB n 4 7 .  8 1 1 . 0 1 1 . 0 B. 9 7. 1
K 4 - 7 V 5. 4 EO 2. 1 0 .  9 5. 2 b. 4 5. 1 4. 4
M O - 2 V 5. 4 EB 1 . 5 0 .  4 0.  7 1 . 0 1 . 8 1 . 8
M3 V 5. 4 EB 0. 9 0 .  1 0.  1 0. 2 0. 6 0.  a
M4 V 5. 4 E8 0. 6 0 .  0 0.  0 0. 0 0. 1 0. 2
M 5 - 6 V 1. 1 E l  1 9 0 . 4 1 . 1 1. 4 2. 1 1 1 . 4 19. 8
eG IV 6. 9 E7 0. 4 1 9 .  0 17. 5 13. 8 B. 7 5. 8
mG I V 6. 9 E6 0. 0 1 . 6 2.  1 1 . 8 1.
3.
0 0 .  9
1G I V P 1 E7 0. 1 4 .  4 4. 6 4. 5 2 2.  7
G 5 - 9 111 5. 9 E 6 0. 0 1 . 4 1 . 2 1 . 2 O. 9 0.  7
KO -1 1 1 1 4. 2 E 6 0. 0 0 .  7 1 . 3 1 . 3 1 . 0 0. 7
K2 111 4. 6 E6 0. 0 2 .  6 3. 5 4. 0 3. 4 2. 8
K3 111 5. 5 E 5 0. 0 0 .  8 1 . 3 1 6 1 . 4 1 . 2
K4 111 5. 0 E5 0. 0 0 .  0 1. 9 3. 4 3. 7 3.  2
K5 111 4. 2 E4 0. 0 0 .  1 0. 2 0. 4 0. 5 0.  4
r G 5 - K 0 111 1 . 0 E7 0. 1 1 . 9 1. 7 1 . 7 1 . 2 0.  9
r K l  —2 111 4. 9 E7 0. 3 9 .  0 12.  7 14. 2 12. 1 9.  4
r  K3 111 5. 0 E6 0. 0 2 .  2 5. 4 / 0 6. 5 4. 9
r  K4 111 9. 9 E 5 0. 0 0 .  6 2. 4 3. 5 3. 9 3. 7
r K 5 111 4. 9 E 5 0 . 0 0 .  7 1 .  a 2 3 3. 0 2.  8
MO-2 111 1 . 6 E5 0 . 0 0 .  7 1 .  6 2. 5 4. 8 5. 0
M3 111 3. 0 E4 0 . 0 0 .  1 0 .  5 0 . 8 1 2.  3
M4 111 p 0 F4 0 . 0 0 .  1 0.  3 0 . 6 2. 1 2.  &
M5 111 1 . 3 E4 0 . 0 0 .  1 0.  2 0 . 4 1 . 8 3. 1
M6 111 8 . 9 E3 0 . 0 0 .  2 0 .  2 0 . 2 1 6.  2
b) N G C 1 3 7 4  EO G 5 - B E  M E R I T  = 0. 0 4 3 9  N s t a r  = 1 . 0  E l l  M / L v  < 16
SSS g r o u p
S t e l l a r  
Numb e r  s 7. M a s s
7. L i g h t C o n t r i b u t i o n s t
3 7 0 0  A 4 5 0 0  A 5 4 5 0  A 8 0 0 0  A 1 0 0 0 0  A
0 8 V 6. 1 E 2 0.  0 7 .  0 1. 4 0.  6 0.  2 0. 1
B 1 —9 V 8.  2 E4 0.  0 5.  B 3. 4 1. 5 0. 5 0.  3
G 5 - 8 V 4. 4 E 7 0.  3 7 .  4 4. 9 4.  2 2.  7 2.  1
K O - l V 4. 4 E 7 0.  3 3 .  5 2. 7 2 .  3 1. 7 1 . 4
K 2 - 3 V 2.  2 E7 0. 1 0. 4 0.  5 0 .  5 0. 4 0  3
K 4 - 7 V 2. 2 E7 0. 1 0 .  0 0. 2 0.  2 0. 2 0.  2
M O -2 V 2. 2 E 7 0.  1 0 .  0 0. 0 0.  0 0. 1 0. 1
M3 V 2.  2 E7 0. 0 0 .  0 0. 0 0.  0 0. 0 0.  0
M4 V 2. 2 E7 0. 0 0 .  0 0. 0 0. 0 0  0 0. 0
M 5 - 6 V 1. 0 E l l 9 7 .  2 1. 1 1. 3 2 .  0 1 1 . 9 2 1 .  6
eG I V 1. 1 E8 0.  B 31 . A 2 6 .  5 2 1 .  6 14 9 10. 4
mG I V 5. 3 E7 0.  4 13 .  6 16. 2 14. 0 8. 9 8. 2
1G I V 1. 1 E7 0 .  1 2 .  4 2 . 3 2 . 3 1 B 1. 6
G 5 - 9 111 9. 7 E 6 0  1 2 .  5 2. 0 2.  0 1. 6 1. 4
K O -1 111 6. 9 E 6 0.  0 1 . 2 2.  2 2.  2 1. 9 1 . 4
K2 111 7. 6 E 6 0. 1 4 .  7 5. 7 6.  7 6. 2 5. 4
K3 111 9.  0 E 5 0. 0 1 . 5 2. 1 2.  7 2. 5 2.  4
K4 111 5. 0 E 5 0. 0 0 .  0 1 9 3. 4 4. 1 3.  8
K5 111 6. 9 E4 0. 0 0 .  2 0.  4 0. 6 0. 9 0.  0
r G 5 - K 0 111 1 . 0 E7 0 .  1 2 .  1 1 . 7 1 . 7 1. 3 1. 1
r K l  - 2 111 5. 0 E7 0.  4 9 .  9 12.  7 14. 7 13. 7 1 1 . 1
r  K3 111 5. 0 E 6 0.  0 2 .  4 5. 4 7. 2 7. 2 5. B
r  K4 111 1. 0 E6 0.  0 0 .  6 2. 4 3.  6 4. 4 4 3
r  K5 111 5. 0 E5 0.  0 0 .  8 1 . 8 2 .  3 3. 4 3 . 3
M O -2 111 1. 7 E5 0.  0 0 .  8 1 . 7 2.  7 5. 7 6. 2
M3 111 1 . 2 E4 0.  0 0 .  1 0. 2 0. 3 0. 9 1. 1
M4 111 7. 8 E3 0. 0 0 .  0 0.  1 0. 2 0. 9 1 . 2
M5 111 5. 3 E3 0. 0 0.  0 0. 1 0. 2 0. 8 1 . 4
M6 111 3. 6 E3 0. 0 0.  1 0. 1 0. 1 1. 0 2 . 9
C )  NGC 1 3 3 6  E 2 G 0 -4 H D  MER I T  = 0. 0 6 4 3  N s t a r  = 3. 8  E 1 0  M / L v  < 7
SSS g r o u p
S t  e 1 l a r  
N u m b e r s 7. M a s s
B I  I  I 4. 1 E5 0 . 0
G O -4 V 1 3 E8 2.  1
G 5 - B V 1 . 8 EB 2. 8
K O -1 V 1 . 8 EB 2. 5
K 2 - 3 V 1 . 8 EB 2. 3
K 4 - 7 V 1. 8 EB 2. 0
M O -2 V 1 . 8 E8 1 . 4
M3 V ! 8 E n 0  0
M4 V i . 8 EU 0.  t,
M 5 —6 V 3. 6 E 1 0 B3 .  6
eG I V 5. 9 E7 1 0
mG I V 5. 9 E6 0 . 1
1G I V 5. 9 E6 0 . 1
C 5 - 9 111 1. 6 E7 0. 3
K O -1 111 1 1 E7 0. 2
K2 111 1 . 2 E7 0. 2
K3 111 1 . 4 E6 0  0
K4 1 1 1 3. 3 E5 0 . 0
Kb 111 7. 0 E5 0 . 0
7. L i g h t  C o n t r i b u t i o n s  a t
3700 A 4500 A 5450 A 8000 A
9. 0 3. 8 2. 2 0. 9
24. 9 
23. 2
22. 2 
18. 9
19. 2 
17. 3
13. 8
13. 9
11.1 
2 2 
0. 3
10. 3 9. 5 B. 5
3. 5 
1 . 6
3. B 
1. 9
4. 2 
2. 4
0. 1 0. 2 0. 3 0. B
0 0 0. 0 0 1
0. ö
0. 3
0. 0 u. u U 1
0. 3 0. 4 0. 7 5. 2
13. 2 13. 5 11 .8 10. 0
1 . 1 1 .6 1. 5 1 2
1. 21 . 0 1. 2 1. 3
3. 0 3. 0 3. 3 3. 1
1 . b 3. 2 3. 6 3. 6
5. 7 8. 5 
3. 2 
1. 2
10. B 12. 2
1 . 0 
0. 0
4. 3 
2. 3
b. O 
3. 3
1 . 6 3. 8 6. 2 10. Q
Table 6-8 (continued)
d  ) J J 7 9  g |  G 5 - B E  M E R IT  =  0.  0 5 5 6  Ns t a r  = 1 . 2  E l l  M / L v  <  I B
SSS g r o u p
S t e l l a r
N um b e rs 7. Mass
X L i g h t C o n t r i b u t i o n »  i t
3 7 0 0  A 4 500  A 5 4 5 0  A 8 0 0 0  A
F 5 - 6 V B. 2 E7 0. 6 35.  8 25. 5 21. 5 12. 3
G5-B V 2. 1 EB 1. 2 25 .  9 22. 1 20. 2 14. 4
KO-1 V 2. 1 EB 1. 0 12. 3 12. 1 1 1. 1 B. 9
K 2 - 3 V 1. 1 EB O. 5 1 . 2 2. 0 2. 2 2. 2
K 4 - 7 V 1. 1 EB 0. 4 0. 1 1. 0 1 . 1 1. 2
MO-2 V 1. 1 EB 0. 3 0. 1 0. 1 O. 2 0. 4
M3 V 1. 1 EB 0. 2 0. 0 0. 0 0. 0 0. 2
M4 V 1. 1 EB 0. 1 0. 0 0. 0 0. 0 0. 0
M 5-6 V 1. 2> E l  1 95. 0 0. 9 1. 4 2. 3 15. 0
eG IV 5. B E7 0. 3 12. 6 13. 6 11. 9 B. 9
mG IV 5. B E6 0. 0 1 . 1 1. 6 1. 5 1 . 1
1G IV 1. 7 E7 0. 1 2. 9 3. 6 3. B 3. 2
G 5 -9 111 5. 1 E6 O. o 0. 9 1. O 1. 1 O. 9
KO-1 111 3. 7 E6 0. 0 0. 5 1. 1 1. 2 1. 1
K2 111 1 . 1 E6 0. 0 0. 5 0. 8 1. 0 1 . 0
K3 111 4. 7 E5 0. 0 0. 6 1 . 0 1. 4 1 . 4
K4 111 4. 4 E5 0. 0 0. 0 1. 5 3. 0 3. 9
K5 111 3. 7 E4 0. 0 0. 1 0. 2 0. 3 0. 5
r G 5 - K 0 111 4. 7 E6 0. 0 0. 7 0. 7 0. B 0. 7
r K  1 -2 111 2. 4 E7 0. 2 3. 4 5. 6 7. 0 7. 1
rK 3 111 2. 4 E6 0. 0 0. B 2. 4 3. 4 3. 7
r  K4 1 1 1 4. 7 E5 0. 0 0. 2 1. 1 1. 7 2. 3
r  K5 111 2. 4 E5 0. 0 0. 3 0. B 1. 1 1. B
M 0-2 111 8. 2 E4 0. 0 0. 3 0. B 1. 3 3. 0
M3 111 1. 4 E4 0. 0 0. 1 0. 2 0. 4 1 . 3
M4 111 9. 7 E 3 0. 0 0. 0 0. 1 0. 3 1. 2
M 5 111 6. 5 E3 0. 0 0. 0 0. 1 0. p 1. 1
M6 111 4. 3 E 3 0. 0 0. 1 0. 1 0. T 1. 3
e ]  J J 7 9  E| G 0 - 4 H B  M E R IT  = 0 . 0 5 7 5  N s t a r  = 1 . 5  E l l  M / L v  <  2 3
SSS g r o u p
S t e l l a r  
Numb e r  s 7. M a s s
7. L i g h t  C o n t r i b u t i o n s  a t
3 7 0 0  A 4 5 0 0  A 54 5 0  A BOOO A
B I 11 4. B E5 0.  0 9 .  9 4.  3 2.  6 1 . 0
A 7 - F 0 I  I  I 1. a E5 0. 0 1 . 9 1. 6 1. 2 0.  6
G O -4 V 1 . B EB 0.  B 3 1 . 8 2 9 .  7 2 6 .  3 17. 1
G 5 - B V 2. 1 EB 0. 9 2 4 .  5 2 0 .  B 19. 5 1 4 . 2
KO -1 V 2.  1 EB 0. B 1 1 . 7 1 1 . 4 10.  7 B. 7
K 2 - 3 V 2.  1 EB 0. 7 2 .  3 3.  8 4. 3 4. 3
K 4 - 7 V 2. 1 EB 0.  6 0 .  3 1 . 0 2.  1 2. 4
M O -2 V 2.  1 EB 0.  4 0 .  1 0.  2 0. 4 0. B
M3 V 2.  1 EB 0.  3 0 .  0 0.  0 0. 1 0. 3
M4 V 2.  1 E8 0. 2 0 .  0 0. 0 0. 0 0. 1
M 5 - 6 V 1. 5 E l  1 9 4 .  9 1 . 2 1. 7 2 .  9 19. 4
eG I V 3.  4 E7 0.  2 7 .  1 7 .  6 6.  8 5. 2
mG I V 3.  4 E 6 O. O 0 .  6 O. 9 O. 9 O 6
1G I V 1. 0 E7 0. 0 1 . 6 2.  0 2 .  2 1. 9
G 5 - 9 111 7.  1 E 6 0.  0 1 . 3 1 . 3 1. 5 1. 3
K O -1 111 5. 1 E 6 0. 0 0 .  6 1 . 4 1 . 6 1. 5
K2 111 5. 6 E 6 0. 0 2 .  4 3. B 4. 9 5. 0
K3 1 1 1 6. 6 E 5 0. 0 0 .  B 1 . 4 2.  0 2. 0
K4 111 6. 1 E 5 0.  0 0.  0 2.  1 4. 1 5. 5
K5 111 3. 2 E 5 0. 0 0 .  7 1. 7 2.  B 4. 5
r G 5 - K 0 111 1. 1 E 6 0. 0 0 .  2 0.  2 O. 2 0.  2
r K l - 2 111 5. 1 E 6 0.  0 0 .  7 1 t?
6 . 5
1. 5 1 . 5
r  K3 111 5. 1 E5 0.  0 0 .  2 0.  7 0. B
r  K4 111 1 . 0 E5 0.  0 0 .  0 0. 2 0.  4 0.  5
r  K5 111 5. 1 E4 0.  0 0 .  1 0.  2 0 .  2 0.  4
f } 0 3 3 3 -3 6  £  F5-6HB M E R IT  = 0. 0456 N s t a r  = 2. 1 E9 M / L v  < 2
SSS g r o u p
S t e l l a r  
Numb e r  s 7. M a s s
7. L i g h t C o n t r i b u t i o n s  a t
3 7 0 0  A 4 5 0 0  A 5 4 5 0  A BOOO A
B I I  I 3. 6 E 5 0. 0 5 .  B 2. 9 1 . B 0.  B
l a t e  F I  I  I 4. B E 5 0. 0 5. 3 4. 0 3. 4 2.  5
F 5 - 6 V 6. 6 E 7 6. 7 2 2 .  4 I B . 2 16. 4 1 1 . 7
F 7 - B V 3. 9 E7 3. 4 9 .  1 a. 0 7. 0 5. 8
G O -4 V p 4 E7 1 . 9 3 .  4 3. 6 3. 3 2  7
G 5 - 8 V P 4 EB IB . 4 2 2 .  3 21 . 7 21 . 1 IB .  9
KO -1 V P 4 EB 16. 6 10 .  6 1 1. 9 1 1. 6 1 1 . 6
K 2 - 3 V 2. 4 EB 14. B 2 .  1 4. 0 4. 7 5. 7
K 4 - 7 V p 4 EB 12. 9 0 .  2 1 . 9 P 3 3.  2
M O -2 V 2. 4 EB 9. 2 0. 1 0. 3 0. 4 1. 1
M3 V P 4 EB 5. 5 0 .  0 0. 0 0. 1 0. 4
M4 V 2. 4 EB 3. 7 0 .  0 0. 0 0. 0 0  1
M 5 - 6 V o 4 EB 2. a 0 .  0 0. 0 0. 0 0. 0
eG I V 2. 2 E 7 1. 9 3 .  7 4. 6 4. 2 4. 0
mG I V 2. E 6 0. 2 0 .  3 0. 6 0. 6 0. 5
1G I V 6. 6 E 6 0. 6 0 .  9 1. 2 1. 4 1 . 5
uG 5 111 6. 9 E 6 o. 5 2 .  3 P 2 2. 3 2. 5
wGB 111 B. 6 E 6 0. 7 7 .  3 7. 5 B. 4 10. 5
ujK O - 2 111 1 . 7 E 6 0. 1 2 .  5 4 0 5. 4 6. 6
w K 3 —4 111 3. 4 E 5 0 0 1 . 1 2. 1 3. 4 5. B
K5 111 3. 1 E 5 0. O 0 .  5 1. 5 2. 6 5. 0
Table 5-8  (con t in u e d )
N G C 1 3B 0  S03/$a G 5 - B  M E R IT  = Q. 0 5 1 3  N s t a r  = 1 . 0  E l l  M / L v  < 16
SSS g r o u p
S t e l l a r  
Numb e r s 7. M a s s
7. L i g h t C o n t r i b u t i o n s a t
3 7 0 0  A 4 5 0 0  A 5 4 5 0  A 8 0 0 0  A 1 0 0 0 0  A
0 8 V 1. 5 E 3 0. 0 18 .  4 3. B 1. 5 0. 4 0.  2
G 5 - 8 V 1. 2 EB 0. B 2 1 . 2 14. 4 11. 3 7. 1 5. 3
K O -1 V 1. 2 EB 0. 7 10 .  1 7. 9 6. 2 4. 4 3. 5
K 2 - 3 V 6. 1 E7 0. 3 1 . 0 1. 3 1. 3 1. 1 0.  9
K 4 - 7 V 6. 1 E7 0. 3 0 .  1 0. 6 0. 6 0. 6 0 .  5
M O -2 V 6. 1 E 7 0. 2 0 .  1 0.  1 0. 1 0. 2 0.  2
M3 V 6. 1 E7 0. 1 0  0 0.  0 0. 0 0. 1 0.  1
M4 V 6. 1 E7 0. 1 0 .  0 0.  0 0. 0 0. 0 0 .  0
M 5 - 6 V 1. 0 E l  1 9 6 . 5 1 . 2 1 . 4 n 0 1 1. 3 19 .  8
mG I V 3. B E7 0. 3 10 .  3 12.  5 10. 0 6. 1 5. 4
1G I V 3. 8 E7 0. 3 9 .  3 9. 1 a. 3 6. 2 5. 3
G 5 - 9 111 2. 2 E 7 0. 2 5. B 4. B 4. 5 3. 4 2 .  B
K O -1 111 1 . 5 E 7 0. 1 2 .  8 5. 3 5. 0 3. 9 2 .  9
K2 111 1. 0 E7 0. 1 6 .  4 B. 0 B. 7 7. 7 6.  6
K3 111 2. 0 E6 0. 0 3 .  5 5. 1 5. 9 5. 4 4. 9
K4 111 1. 9 E 6 0. 0 0 .  0 7. 6 12. 6 14. 5 12.  9
K5 111 1. 5 E 5 0. 0 0 .  5 1. 0 1. 4 1. 9 1. 7
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best fit the NIR Na I feature, and further confusion occurs 
because of the TiO absorption at 8194 A in late M giants (see 
particularly the solution for NGC1399 in fig 6.4 b).
8) Weak or negligible M giant branches are indicated for the 
faintest ellipticals, which conforms with the results expected 
from the CIS results (chapter 3) for older, metal-weak systems.
The M giant contributions would be increased slightly however, 
if the M dwarf contributions were artificially constrained to 
fit a more reasonable luminosity function.
The adopted best solutions for 9 representative galaxies are also
given in tabular form in tables 6-8 (a-i). The two possible solutions
for JJ79 are listed in tables 6-8 e,f respectively. These tables list
the SSS group in column 1 and the stellar numbers normalised to a
g
total galaxy nuclear luminosity of 10 Lq in column 2. The percentage 
mass contribution and the percentage light contributions at 4 or 5 
different wavelengths are listed in columns 4 to 7 or 8.
6.3.7 Synthesis results and the cluster Colour-Magnitude (CM) relation
Origin of the CM relation
The trend of mean metallicity with galaxy luminosity derived in 
subsection 6.3.4, together with the metallicity results derived in 
chapter 4, clearly indicate that metallicity is the dominant parameter 
controlling the variation of galaxy colour with luminosity. The 
decrease in <[Fe/H]>, of at least 0.16 dex per absolute magnitude 
interval, controls the variation in galaxy (U-V) colour principally by 
decreasing the metal-line blanketing in G-K stars.
The results shown in subsection 6.3.6 show that the stellar population 
also varies with decreasing galactic luminosity, with decreasing 
contributions from G, K and M giants being replaced to some extent by 
increased contributions from the slightly bluer G type turnoff group 
dwarfs. This effect itself is largely a consequence of decreasing 
metallicity causing a blueward shift in the composite system HR 
diagram (see figure 3.4). Both of these effects act to make fainter
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galaxies bluer in (U-V).
Intrinsic dispersion in the CM relation
The results shown in subsection 6.3.4 indicate substantial scatter in 
the relation between mean metallicity and luminosity; the dispersion 
amounting to about 0.6 mag in nuclear V magnitude in fig 6.3b. This 
dispersion transforms to about 0.1 mag in (U36-V) in the nuclear 
colour-magnitude relation shown in fig 4.4b, which is very close to 
the actual measured dispersion in this figure (see table 4-4c). The 
relation shown in figure 6.3b has significant measurement error from 
the syntheses however, and it is unlikely that real variation in the 
trend of metallicity with luminosity can account for all the intrinsic 
dispersion in the colour-magnitude relation. Scatter in the
metallicity relation can certainly not produce the intrinsic 
dispersion in the nuclear colour-colour relation (fig 4.5), and some 
other additional source is clearly indicated.
OB dwarf contributions are clearly indicated to be present in at least 
some galaxies. If some slight ongoing star formation is present to 
varying degrees in early-type galaxies then, since these stars are 
bright at U but faint at V, variations in the OB dwarf contribution 
could cause significant scatter in the measured galactic (U-V) 
colours.
The percentage light contributions at U and V due to OB dwarf groups 
have already been derived in unrestricted, non-negative solutions to 
each galaxy (see table 6-2). In figures 6.5 a,b these values are 
plotted against the A(U36-V) colour residual measured from the mean 
relation in the nuclear colour-magnitude relation, as derived in 
section 4.6 and shown in figure 4.4a. The sense of the measurements is 
that galaxies which are bluer than the mean relation in figure 4.4a 
have negative residuals A(U36-V) .
Figures 6.5 a,b and the regressions given in the figure show that 
there is indeed some slight correlation of indicated OB dwarf 
contribution with residual in the nuclear (U36-V) colour-magnitude 
relation. These results therefore indicate that, if OB dwarf starlight
figures 6.5 a,b
The percentage light contributions at a) V and b) U due to 
OB dwarf groups (as derived from unrestricted non-negative 
syntheses) are plotted for each galaxy against A(U36-V), the 
colour residual measured from the mean (U36-V) vs. V nuclear 
colourHnagnitude relation plotted in figure 4.4a. The sense 
of the measurements is that galaxies which are bluer than 
the mean relation in figure 4.4a have negative residuals in 
(U36-V). Lines are drawn to indicate the weak correlations 
which are tabulated at the bottom of the figures.
•  N13 79
O SO
o\o
AIU36-V)
Mean regressions expressed as : Y = a + b.X
Y X N r a b S
% V light due to OB V A(U36-V) 17
16
-0.53
-0.65
1.69
1.53
-10.47 + 4.34 
-7.26 ± 2.30
1.0
0.7 exclude N1379
% U light due to OB V A(U36-V) 17 -0.55 13.80 -80.17 + 31.14 7 . 6
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is present, then variations in the amount of ongoing star formation 
could account for a significant part of the intrinsic dispersion 
observed in early-type galaxy (U-V) CM relations. These variations 
could not affect CM relations measured at wavelengths to the red of V 
where OB stars contribute negligibly, but could account for the higher 
intrinsic dispersion observed in the CM relation in (u-V) compared to 
that in (V-r) (Sandage and Visvanathan 1978a).
6.3.8 Multiple Epochs of Star Formation
All of the solutions derived here in section 6.3 correspond to single 
epoch solutions. The turnoff ages derived correspond to the turnoff 
group associated with the latest significant period of star formation. 
Stellar populations which are much older than the indicated turnoff 
ages in the adopted best synthesis solutions are by no means ruled 
out, and are allowed for to some extent by the quite loose constraints 
imposed.
The adopted best constrained synthesis solutions have MERIT function 
values which are only about 10 - 15 % worse than those obtained in 
unrestricted non-negative solutions (see table 6-7). It is likely 
however that a small but significant improvement could be made to the 
synthesis solutions by specifically permitting a range of population 
ages in the constraint specifications. The difficulty lies in the 
subjectivity required to specify such constraints in empirical (SSS) 
syntheses. Evolutionary (CIS) syntheses probably offer the best future 
hope for investigating the detailed age structure of galaxies via the 
synthesis technique.
Mergers have been mentioned in chapter 1 as a significant possibility 
in the evolution of galaxies. It is probable however, that population 
synthesis can detect such a possibility only if the interaction has 
occurred fairly recently, since the age and metallicity structure of 
the two interacting galaxies will be fairly quickly merged also (the 
possibility of a recent merger in NGC1316 is discussed in Pickles 
1983) .
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6.4 DETAILED GALAXY SYNTHESES - M STAR POPULATION AND M/L
6.4.1 Introduction and Constraint Sets
The results of the non-negative SSS syntheses presented in table 6-2 
show generally quite low values of M/L^ in the range 1 to 8, with only 
the two brightest ellipticals automatically favouring higher values. 
The M/Lv ratio of a galaxy is essentially determined by the 
contribution of M4-6 dwarf stars, which varies between 0 and 2 percent 
at V (0 - 10 % at 8000 A) in non-negative solutions to early-type 
galaxies. This small variation in light contribution results in M/Lv 
ratios in the range 1 to 20, and illustrates the difficulty of 
determining this parameter via the synthesis technique. The syntheses 
with simple M dwarf sequencing also automatically select M4-6 dwarf V 
light contributions in the range 0 to 2 percent, but all solutions at 
the higher end of this range display an astrophysically implausible 
jump in the luminosity function for the latest M dwarf groups (see 
tables 6-8). Synthetic fits of almost equal overall MERIT can be 
achieved if the numbers of M dwarfs are artificially constrained 
however, with decreasing M dwarf continuum light being replaced by M 
giant light.
Better discrimination between M dwarf and M giant contributions can 
only come by optimising the detailed spectral fit in the near 
infra-red (NIR) wavelength region as a function of M dwarf 
contribution. The two brightest ellipticals have accordingly been 
synthesised over the reduced wavelength region from 7000 to 10000 A, 
with a flux library from which all UMS, HB and metal-weak G-K giant 
SSS groups have been excluded for simplicity. Each galaxy has been 
synthesised with constraint sets equivalent to the G5-8E set indicated 
to best fit these bright ellipticals in the previous section, but with 
additional constraints imposed on the maximum M dwarf contributions. 
The additional constraints take the form of a maximum permitted ratio 
between the relative numbers of dwarf groups later than the M0-2 dwarf 
SSS.
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6.4.2 Detailed Constrained Syntheses of the Near Infra-red region
The results of synthetic fits to the NIR region of NGC1404 and NGC1399 
are presented in table 6-9. The constraint sets are labelled 'Mx4* 
through 'Mx7', referring to sets with maximum permitted M dwarf 
relative number ratios in the range 4 to 7 respectively; 28NN refers 
to a non-negative fit to the NIR region utilising all 28 available SSS 
groups. Observational evidence for artificially constraining the M 
dwarf SSS groups comes from two sources; i) Reid and Gilmore (1982) 
who find a Galactic luminosity function which is quite flat for late M 
dwarfs, and ii) Whitford (1977) who finds no evidence in 5 early-type 
galaxies for M dwarf stars contributing significantly to the Wing-Ford 
(FeH) molecular band at 9910 A.
Table 6-9 lists the galaxy, constraint set, achieved MERIT function 
and resulting mass to visual light ratio in columns 1 to 4 
respectively. The residuals calculated for four selected NIR features 
are listed in millinnagnitudes in columns 5 to 8. The feature 
residuals are calculated in the same way as the overall MERIT function 
over the selected wavelength regions indicated in table 6-9. The 
percentage light contributions at 8000 A from late M dwarf and M giant 
SSS are listed in columns 9 to 13.
All solutions show the late M types to contribute 15 to 20 percent of 
the light at 8000 A, with the non-negative solutions utilising the 
latest M5-6 types but not the earlier M types. The lack of continuity 
in the late M type contributions means that the non-negative solutions 
are not astrophysically acceptable. The MERIT function values are 
significantly lower than those obtained in non-negative syntheses over 
the full available spectral region (see table 6-2). This may indicate 
some slight (1 or 2 %) colour error over the full spectral coverage 
from 3600 to 10000 A. Syntheses over the reduced spectral region 
(7000 - 10000 A) predict the blue galactic continuum surprisingly 
well, being 5 to 10 % too faint at B and U wavelengths. The reduced 
syntheses have little metallicity resolution however and fail to fit 
the strong spectral lines in the blue and visual regions. Syntheses 
over the reduced wavelength region should give better discrimination 
between M dwarf and M giant types however, and hence determine M/L^
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values better.
The syntheses with smooth M dwarf constraints listed in table 6-9 for 
the bright ellipticals show MERIT function values about 10 % worse 
than those achieved by the non-negative solutions. This reduction in 
MERIT function value is attributable to slightly worse spectral 
matching over the whole region (7000 - 10000 A) rather than around 
individual features. Figure 6.6 shows 3 fits to NGC1404, and
illustrates that all fits are quite acceptable to within the 
observational accuracy. The low MERIT function value of the 
non-negative solution is possibly due to this synthesis
over-converging, and fitting observational noise as well as real
spectral features.
The high M5-6 dwarf contributions in the non-negative solutions here 
fit the Na I doublet feature at 8190 A well (see figure 6.6, top 
panel). This feature is likely to be strengthened by the high 
metallicity of these bright galaxies however, and it is likely that a 
lower M5-6 dwarf contribution would be required if metal-rich K and M 
dwarf SSS were available to the synthesis flux library. The NIR Na I 
doublet is also possibly contaminated in composite systems by TiO 
absorption at 8194 A in late M giants (see also lower panel of figure 
3.In and table 3-3). In either case the non-negative solutions with 
the present flux library are expected to provide upper limits to M/L^ 
values for galaxies of [Fe/H] _> 0.0. The solutions listed in table 
6-9 show no clearly defined minimum with respect to constrained M 
dwarf contribution in any feature residual. The three fits plotted in 
figure 6.6 illustrate this point quite clearly. There is no feature or 
band which is not fitted to within the observational accuracy for any 
M5-6 dwarf contribution between zero and the maximum adopted by the 
non-negative solution.
The unfortunate conclusion from this analysis is that essentially any 
M/Lv value between 1 and 12 can be well fitted to the observed 
galactic NIR continuum and features. Since the late M giants are 
substantially redder than the late M dwarfs, continuum observations at 
longer wavelengths can not provide superior discrimination between M 
dwarf and giant types. The only way to improve this discrimination via
figure 6.6
The measured near infra-red spectrum of NGC1404 (thin line) 
is compared with three synthesis solutions (thick lines) 
computed over the wavelength region 7000 - 10000 A. The 
three solutions give three different values of the galaxy 
M/L^ ratio. The constraints used are simple non-negativity 
(upper panel) and M dwarf group relative number ratio limits 
of 7 and 4 for the solutions shown in the middle and lower 
panels respectively. All solutions fit the data to within 
the observational accuracy, and demonstrate that only upper 
limits to galactic mass to light ratios can be reliably 
determined by the synthesis technique.
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the synthesis technique is to obtain better quality galaxy data of the 
specific features which distinguish M dwarfs and M giants. The 
Wing-Ford molecular (FeH) band at 9910 A (see Whitford 1977) is one 
further possibility, but substantial improvements in detector 
technology and very careful removal of atmospheric absorption features 
will be necessary to obtain good quality galaxy spectra at these 
wavelengths.
The synthesis results do indicate a ~flat luminosity function for 
late-type dwarfs, apart from the discontinuity at M6 which is almost 
certainly not real. These results therefore lend weak support for the
generality of the flat luminosity function derived by Reid and Gilmore
(1982) for late-type stars in our Galaxy.
6.4.3 Upper limits to M/L ratios and comparison with M/L ratios 
determined Dynamically
The present observations of galaxy nuclei and synthesis standard stars 
do not provide sufficient discrimination between M dwarfs and M giants 
to determine good values of the galactic mass to light ratios. The
present data can however be used to determine upper limits to M/L^
values via non-negative syntheses of the NIR region of galaxies with 
spectra extending to at least 8750 A. The steep rise in the 
luminosity function indicated by non-negative syntheses of some 
galaxies is not astrophysically acceptable, but there is not 
sufficient information to further constrain the late M dwarfs in any 
justifiable way. The near infra-red regions of 12 galaxies have
therefore been synthesised over the wavelength regions 7000 to 10000 A 
for galaxies with OCD observations, and 7000 to 8750 A for galaxies 
with IDS observations only. These syntheses utilise a flux library of 
28 groups from which all UMS, HB and metal-weak G-K giant SSS have 
been excluded. The UMS and HB stars contribute negligibly at NIR 
wavelengths, and no NIR observations of the metal-weak G-K giants have 
yet been obtained. This deficiency is not important even for the 
faint, metal-weak galaxies as no attempt is being made here to 
determine the metallicity structure. The technique of using 
non-negative constraints only provides upper limits to the M/L^ ratios 
of the visible fraction of these galaxies, although observational 
error in the faint galaxies may weaken this argument somewhat. The
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upper limits derived are listed in the last column of table 6-10.
Table 6-10 also presents nuclear M/Lv values derived from velocity 
dispersion measurements of the nuclei of several Fornax galaxies 
(Visvanathan and Pickles, unpublished - see section 4.2). The 
velocity dispersions listed in column 4 of table 6-10 were measured 
through a long slit of width 1.5 arcsec, and data summed over 10 
arcsec along the slit to derive a single dispersion measure 
appropriate to the galaxy nuclei. The mass within a nuclear sphere of 
radius R is calculated using the simplified formula of Efstathiou et 
al (1980) :
M( < R) = 2.3 C 2 R/G (0.1 < R/Re < 1.0)
~ 5.32xl05<T2 R M©
where ö is the line-of-sight velocity dispersion in km/s, R^ is the 
effective radius and R is in kpc. This simplified formula assumes that 
the velocity dispersion is isotropic and constant within the nuclear 
region.
Effective radii are not available for all the galaxies observed here, 
so the measured nuclear V magnitudes have been used to estimate the 
light fractions contained in a nuclear sphere of 3 arcsec radius (330 
pc for the adopted distance modulus of 31.8). This radius corresponds 
to the fixed observing aperture of 5x7 arcsec used in the 
spectrophotometry. The spectrophotometry measures the light contained 
in a tube passing through the nucleus, and must be corrected for the 
light contributed by the end portions of this tube, away from the 
nuclear spheroid. Young (1976) lists the mass and projected 
luminosity fractions as a function of radius for a spherical galaxy 
obeying the R ^ ^  law. A correction of 0.4 mag is required to reduce 
the measured nuclear luminosity to that due to the nuclear spheroid 
alone, at a radius equal to 20 % of the effective radius. This 
correction assumes constant M/L in the nuclear region.
The brightest galaxies have known effective radii (de Vaucouleurs et 
al, 1976 - RC2), and the measured nuclear V magnitudes as fractions of
b
le
 
6
-1
0
 
C
o
m
p
a
ri
so
n
 
o
f 
D
y
n
a
m
ic
a
l 
N
u
c
le
a
r
 
M
/L
v 
r
a
ti
o
s
 
w
it
h
 
u
p
p
er
 
li
m
it
s
 
d
e
r
iv
e
d
 
v
ia
 
P
o
p
u
la
ti
o
n
 
S
y
n
th
e
se
s
S
y
n
th
e
si
s 
7
 
up
 p
 e
r 
li
m
it
 
M
/L
v
10
. 
7 
12
. 
1
5.
 8
6.
 8
8.
 7
9.
 5
 
5.
 6
1.
 8
: 
10
. 
3:
 
2.
 0
:
13
. 
2 
0.
 8
:
6
D
y
n
a
m
ic
a
l 
M
/L
v
4.
 7
5.
 
1 
2.
 5
 
7.
 0
2.
 5
8.
 4
:
<
4.
 4
4.
 5
 
3.
 8
 
17
. 
2
in
01 ~
J- ©
OJ _J
•= 00 CL O
23
. 
6 
23
. 
6 
1
1
.3
 
10
. 
3
7.
 1
2.
 1
1.
 4
13
. 
6 
4.
 5
 
2.
 1
<r 01
cOi
J Z
CL
m
>
CM CM O « 1  in
ri ri <r <r 15
. 
8
16
. 
3
13
. 
8 
15
. 
0 
15
. 
8
c*\
t, ~
i -  a
oj r
■C Cr>Q- O
U1 — t
r  —
1
1
.0
 
12
. 
0 
2.
 8
 
7.
 2
1.
 8
1.
 8
: 
0.
 6
6.
 1
 
1.
 7
 
3.
 7
ci c 
> o•H **'*
C m m 
01 C \  
oi oi E
r~l CL 
u m 
3 r-i 
C  *o
o  -I in cm o
m o  tu o  o
CM Cd —> CM -1 1
00
:
<
6
0 o  m «3-
CO O' «t
10
. 
5 
10
. 
3 
1
1
.5
 
1
1
.8
 
12
. 
0 
1
1
.7
 
(1
2
. 
8
) O CO o
ri ri 10
. 
4
12
. 
9
13
. 
4
G
a
la
xy
 
ty
p
e
N
G
C
14
04
 
E
2 
N
G
C
13
99
 
E
l 
N
G
C
14
27
 
E
5 
N
G
C
13
74
 
EO
 
N
G
C
13
39
 
E
4 
N
G
C
13
79
 
EO
 
N
G
C
13
36
 
E
2
J
J
9
4
 
E
4
JJ
51
 
E
6
/S
0
J
J
7
9
 
E
l
N
G
C
13
80
 
S
0
3
/S
a
 
N
G
C
13
75
 
SO
I 
N
G
C
13
80
D
 
SB
O
£
u
CL
in
01
oj n
at
6  <4-
o
e
o  in 
3
Oi «P
w  m o
3  * 0 * 0  . OJ
u  (ii o  CD h
«-• > 6  . OJ0) r-i -r-i Oi
u  i- Oj n
Qj u  <4- 
-  -XD c  II O
in oj
3  » -P I  yi
•ri c m Q <u
-o o *h in
OJ -rt t i  Ü1 oi
cn c  -c
Cl 01 •«-» p  
u  E C
Oi Di D
in c  C m m
u  oj *h  in
C Oj £  OJ Oi
01 ^  D >
U IO O ‘ri
n  D in 'H  4J
c  n  nj 
OJ cn 
h  in (. oi 
oj p  c  
u  h  p  I 
•H C  J Z  c  
3  cn OC c
O cn Oj
. m  C 
OJ P
D Oi Oi C
Ql H T3 P
p  lA Qj -H
O (D P
Oi in D H-
P  C -r* -ü 
•n > 0»
>  P  C
^  Oj Oj
O  p  P  in -o
CO 0) OJ m
O n  ^  OJ >
c e _j
w  cl cn  \
0 p  c r. r-H C -r-l 0)
OJ CL m Oj o
CL O *-« P
P  OJ C  u
0» 'H D l/l
01 E  C p
3 -O 3  -h
O 3  r-1 r-< Gl
•HP OJ -H
_C *rH C- U i~<
P  C OJ -r-»
OJ cn 0» £  p
P  fD h  ID HI
in £  u  C Q.
a- 3  zn a.
U J > Z Q D
in
Oi
p
o
6-38
the total V magnitudes can be compared with the expected fractional 
values listed by Young (1976) . This comparison indicates that the 
measured nuclear V magnitudes are too bright, by about 0.5 mag for the 
bright galaxies at least. This discrepancy could be real, but it 
seems probable that the galaxy nuclear luminosities have been 
overestimated due to seeing losses when observing flux standard stars. 
The fixed observing aperture samples 90 % of the light from a point 
source in 1.5 arcsec seeing, but only 50 % of the light in 2.5 arcsec 
seeing. Seeing losses would be much smaller for extended objects, thus 
leading to overestimates of their V magnitude. Seeing losses do not
affect the relative flux calibration as a function of wavelength, nor
do corrections to the measured nuclear V luminosities affect any of 
the conclusions with regard to galaxy parameter variations with 
luminosity. The V magnitudes appropriate to a nuclear sphere of 
radius 3 arcsec are obtained here by correcting the measured nuclear V
magnitudes by a further 0.5 mag to allow for seeing losses, and are
listed in column 6 of table 6-10. The nuclear spheroidal luminosity
(at V) in solar units is given in column 7, where a distance modulus
of 31.8 has been assumed. The dynamical values of M/L^ are listed in 
column 8, and are inversely proportional to distance.
Mass to visual light ratios and upper limits calculated by dynamical 
and synthesis techniques are plotted in figure 6.7 as functions of
apparent and absolute V magnitude. The absolute V magnitude scale is 
shown at the top for an adopted distance modulus value of 31.8. The
upper limits to the M/L^ ratios calculated by the synthesis technique
are shown plotted as filled and open circles for ellipticals and
lenticulars respectively. Uncertain upper limits for faint galaxies 
with poorly determined near infra-red spectra are enclosed in
parentheses. The upper limits conform quite well with dynamical M/Lv 
estimates plotted as filled and open squares for ellipticals and
lenticulars respectively. Two sigma errors of jf 30 % in the dynamical 
estimates of M/L are due mainly to uncertainties in the light 
fraction contained in the spherical nuclear region. Larger errors are 
expected for the faint elliptical JJ94, which has a poorly determined 
velocity dispersion.
figure 6.7
Upper limits to M/Lv ratios derived via non-negative 
syntheses of Fornax galaxy near infra-red spectra (filled 
and open circles) are compared with dynamical values derived 
from nuclear velocity dispersion measurements (filled and 
open squares). The M/Lv ratios are plotted as functions of 
apparent and absolute V magnitude, where a distance modulus 
of 31.8 has been assumed. The dynamical estimates are 
consistent with galaxy M/L^ ratios of about 5, independent 
of magnitude; this value is indicated by a dashed line. 
Solid envelope lines enclosing the points indicate a 
possible trend towards decreasing M/L with decreasing 
luminosity, but the scatter is very large. The lenticular 
NGC1380B has an anomolously high dynamical M/L^ ratio of 17.
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Envelope lines drawn in figure 6.7 to enclose the observations show a 
possible trend towards decreasing M/L^ with decreasing luminosity; the 
scatter is very large however. The dynamical estimates are consistent 
with galaxy M/Lv values of about 5, independent of absolute magnitude. 
Mass to light ratios computed at B are a factor of 1.3 higher than 
those computed at V, so these values compare very well with typical 
early-type galaxy M/Lß ratios of 7 determined dynamically by 
Efstathiou et al (1980) . The high dynamical estimate here of 
M/Lv = 17 for the lenticular NGC1380B is anomolous, although the 
velocity dispersion measurement is quite secure. Further obervations 
of this galaxy may prove quite interesting.
The galaxies JJ94 and NGC1380B show dynamical M/Lv ratios higher than 
the upper limits calculated via the synthesis technique for the 
visible fraction, and may possibly indicate the presence of dark 
matter. Both of these galaxies have poorly determined near infra-red 
spectra however, and the synthesis upper limits are therefore 
unreliable. The M/L^ ratio determined dynamically for JJ94 is also 
unreliable due to larger uncertainty associated with the velocity 
dispersion measurement for this galaxy. Little significance can be 
attached to these discrepancies, and there is no reliable evidence for 
hidden mass in the nuclei of early-type galaxies of any luminosity.
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CHAPTER 7
CONCLUSIONS FROM THE SYNTHESES
7-1 Trend of mean metallicity with luminosity and slope of the cluster 
Colour-Magnitude (CM) relation
* The metallicity results confirm the well known trend of decreasing 
mean metallicity with decreasing galactic luminosity. A metallicity 
gradient in < [Fe/H] > of at least 0.16 dex per magnitude is 
indicated over the 6 magnitude range of absolute magnitudes studied 
here.
* The brightest ellipticals NGC1404 and NGC1399 are 2 to 3 times more 
metal-rich than solar, although even higher values would be 
indicated if future syntheses utilising metal-rich G-K dwarf groups 
still fail to properly match the observed galactic NaD line 
strengths.
* The mean metallicity of the 5 lenticulars is lower than that of 
ellipticals (12) of the same absolute magnitude, but the 
lenticulars conform well to the trend of decreasing mean 
metallicity with decreasing luminosity.
* The trend of mean metallicity with luminosity is the principle 
factor determining the slope of the cluster CM relation.
7.2 Blue stars in early-type galaxies and the possibility of ongoing 
star formation
* Three bright ellipticals (NGC's 1404, 1399 and 1379) show strong 
evidence for a significant light contribution (> 10 % at U) due to 
0 and early B dwarfs, implying some ongoing star formation in at 
least these systems. Syntheses of these three galaxies with a flux 
library from which OB dwarfs are excluded result in significantly
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worse (> 10 %) fits, due mainly to poor matching to the Fe I blend 
at 4160 A and Hjg. Future observations of metal-rich G-K dwarf group 
SSS MAY enable adequate fits to these galaxies to be made without 
OB dwarf contributions, but all the galaxy synthesis results point 
to the presence of some OB dwarf starlight in at least these three 
bright ellipticals.
* Syntheses of other early-type galaxies also favour some OB dwarf 
contribution, but these galaxies can be equally well fitted with an 
enhanced metal-weak G-K giant contribution and some horizontal 
branch starlight.
* A significant 0 dwarf contribution (~10 % at U) is consistent with
a strong turnup in the uv flux below 1800 A, whereas a purely 
horizontal branch contribution would provide a ~flat uv continuum. 
We therefore speculate that the differences in uv spectra as 
determined by IUE observations of bright galaxies, are due to 
ongoing star formation in those galaxies with strong observed uv 
flux turnups. The three Fornax ellipticals NGC's 1404, 1399 and
1379 are predicted to show a strong turnup in their uv flux below 
1800 A.
* Hot dying stars can not be present in sufficient numbers to 
contribute significantly to the uv flux in any early-type galaxy. 
UV bright stars could provide a significant fraction of the uv flux 
in fainter, metal-weak galaxies.
7.3 Turnoff ages of early-type galaxies
* The ages associated with the main sequence turnoff groups of 
ellipticals are in the range 6 to 10 Gyr, significantly younger 
than the ages of early star formation in Galactic globular clusters 
(15 - 18 Gyr). These results therefore indicate that substantial 
star formation has occurred in galaxies (continuously or in bursts) 
over a period lasting from 8 to 10 Gyr.
* The turnoff ages associated with the lenticulars are significantly 
older (> 3 Gyr) than those of ellipticals of the same absolute
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magnitude, implying that star formation terminated earlier in 
lenticular systems.
* The turnoff ages of ellipticals show a definite trend towards lower 
turnoff ages for higher luminosity systems in solutions which 
permit OB dwarf synthesis groups. This trend vanishes if OB dwarf 
groups are excluded but, if present, implies that star formation 
has occurred for longer in brighter, more metal-rich systems.
7.4 Intrinsic dispersion in the cluster CM relation
* There is significant intrinsic scatter in the relation between mean 
metallicity and galactic luminosity which can account for some, but 
not all, of the intrinsic dispersion in the cluster CM relation. It 
can not account for the intrinsic dispersion in the measured 
nuclear colour-colour relation (chapter 4).
* The non-negative synthesis results show a weak correlation between 
the percentage light contribution due to OB dwarfs, and the colour 
residuals from the mean (U36-V) vs. V nuclear colour-magnitude 
relation. A small OB dwarf contribution affects primarily the U 
band, so this correlation indicates that variation in the amount of 
ongoing star formation in early-type galaxies could account for a 
significant fraction of the intrinsic width in (U-V) of the cluster 
CM relation.
7.5 The faintest ellipticals
* The faintest ellipticals studied here have absolute magnitudes 
close to that of the well studied nearby faint elliptical M32, 
which has been shown by O'Connell (1980) to have roughly solar 
abundance and to have undergone substantial star formation up to at 
least 5 Gyr ago.
* The faintest Fornax elliptical 0333-36 is isolated from other 
galaxies, is clearly very metal-weak with [Fe/H] < -0.6, and ceased 
significant star formation at least 8 Gyr ago.
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* The faint Fornax elliptical JJ79 is situated in the cluster core, 
close to several other early-type galaxies. The metallicity of JJ79 
is solar or greater, and this galaxy shows strong indications that 
substantial star formation activity occurred as recently as 3 Gyr 
ago. A horizontal branch origin for the strong F star contribution 
to this galaxy's flux is incompatible with its relatively high 
metallicity.
* The comparison of M32 with TWO faint Fornax ellipticals suggests 
that the recent star formation and high (solar) metallicity of M32 
are likely consequences of its environment, close to M31. Faint 
ellipticals close to more massive companions may well show evidence 
for recent star formation and anomolously high metallicity for 
their luminosity. Isolated faint ellipticals are likely to be very 
metal-weak, and to have stopped significant star formation at least 
8 Gyr ago.
7.6 Upper limits to M/L ratios and comparison with M/L ratios 
determined dynamically
* The measured near infra-red spectra of galaxies can be well fitted 
by several combinations of M dwarf to M giant contribution ratios, 
resulting in M/L^ ratios in the range 1 to 13 for most early-type 
galaxies. The measured strengths of the Na I doublet feature at 
8190 A exclude values of M/L^ greater than 20, but do not provide 
sufficient discrimination between M dwarfs and M giants to 
determine more precise values of M/L. Good quality spectra of the 
Wing-Ford (FeH) molecular band at 9910 A may enable more reliable 
estimates of mass to light ratios to be derived from synthesis 
techniques.
* Upper limits to M/L^ ratios derived from synthesis fits conform 
well with M/L^ ratios derived from nuclear velocity dispersion 
measurements. There is no reliable evidence for hidden mass in the 
nuclei of early-type galaxies of any luminosity. The dynamical 
estimates are consistent with galaxy M/L^ values of about 5 
(M/Lq 7), independent of absolute magnitude.
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APPENDIX
1DPCA COINCIDENCE CORRECTIONS 
A .1 INTRODUCTION
The 1DPCA operates well as a true photon counter at count rates in the 
range 0 to 1 Hz (per resolved pixel, ie. 0 to 2 Hz per diode). The 
device uses a technique known as frame subtraction to avoid 
overcounting single photon events, which would otherwise be multiply 
counted as a consequence of residual phosphor glow. This is because 
the phosphor decay time constant is relatively long ( 8 ms) compared to 
the readoff time interval (4 ms). At fast rates however, the device 
misses some events which occur too close (in time and position) to a 
previous event, and are rendered too weak as a consequence of previous 
frame subtraction to register above the instrumental threshold. At 
fast rates also, events which are registered may be mis-centred if the 
frame subtraction of a previous nearby event sufficiently disturbs the 
event profile. The behaviour of the device has been modelled by a 
computer simulation of the complete instrument and properly 
distributed arrival photon characteristics. This simulation is used 
to determine the functional form of the photon loss rate (here termed 
coincidence correction) as a function of input rate, and to determine 
the loss of precision suffered as a consequence of using corrected 
spectra measured at count rates greater than 1 Hz. It is shown here 
that the coincidence correction is well fitted by a function of only 
one tree parameter, which can be easily fitted to real observational 
data taken at different input rates. It has been empirically 
determined that the fitted free parameter is an instrumental constant 
from run to run.
A.2 COMPUTER SIMULATION OF THE INSTRUMENT
The computer simulation i3 illustrated schematically in figures A.l 
through A.7, which are here described sequentially.
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A.2.1 Input Section
Figure A.l A poisson distribution of photon arrival times is generated 
such that the time (t) to next photon arrival conforms to :
P(t) = e_t Cl)
t !
where x is the mean interval between photons corresponding to the 
specified mean photon arrival rate.
Figure A.2 The input wavelength bin ( l ^ i < n ) i s  specified at 
twice the final output resolution or 4 times the diode resolution) and 
is calculated to conform with a template spectrum such that :
C (1-1) < R(y) < C (i) (2 )
where R( y ) is a random number in the range 0 to 1 and 
C(i) - zl N( j ) / z" N (j )
is the cumulative distribution of template counts per channel; N(j ) is 
the distribution of template counts per channel.
Steps 1 and 2 insure that the input photons correspond to those 
expected from a real star of specified magnitude, and specified (via 
the template) spectrum. The specification of the input wavelength bin 
directly specifies the spatial location of the photon arrival on the 
first photocathode (via the spectrograph) and hence the spatial 
location of the photoelectron pulse at the final phosphor. These 
pulses are assumed to have a gaussian distribution of intensity about 
some mean value I , and a fixed spatial gaussian distribution of 
intensity such that the phosphor flash illuminates 5 reticon
photodiodes.
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1DPCA SIMULATION
wavelength channel
N ( I) = e
Poisson distribution of 
photon a r r iv a l  t imes - 
corresponding to a 
p rese t mean rate.
Wavelength d is t r ibu t ion  
co rresponding  to a 
template spectrum (at 
4 x d iode  reso lu t ion ) .
Gaussian d is t r ibu t ion  
of e lectron  pulse 
in tens it ies  at f ina l 
phosphor.
Phosphor b r igh tness  
decays exponentia l ly .
Read off phosphor 
brightness B, .ca lcu la te  
equivalent in tens ity  E,, 
increment by AI to E, 
to g ive new B*.
D ete c t ion
threshold
A.6
A . 7
The re t icon  a r ra y  is 
read off and conver ted  
by t h e  ADC.
The previous frame is 
su b t ra c te d  and photon 
events iden t i f ied  and 
cen tred .
wavelength channel
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Figure A.3 The pulse arrives at the final phosphor (at known time and 
position) with a peak intensity I calculated to conform to a gaussian 
distribution:
2 2 -(I -I) /2ct
N(I) = e (3)
a / 2?7
where a is chosen to be 0.15 I and I is set to unity foro o
convenience. The sigma appropriate to the spatial width of the pulse 
was chosen as 1 diode width.
Figure A.4 The phosphor brighteness at each input resolution element 
is calculated at the current time by assuming an exponential decay of 
the form :
-t/T
B = B e (4)o
where the phosphor decay constant ( r ) has been experimentally
determined to be 8 ms.
Figure A.5 For a width of 4 spatial sigma (32 resolution elements) 
around the photoelectron pulse arrival position, the phosphor
brighteness is converted to an equivalent intensity E where :
-kE
B = 1 - e (5)
which is incremented by the intensity calculated ( for each resolution 
element) via (A.3) above and converted back to a phosphor brighteness 
via formula (5). Since I was chosen above to be unity, the constant 
k is here chosen to be 0.2, implying that the centre of a single 
(mean) pulse raises the (unexcited) phosphor brighteness to 0.18 S (S 
is saturation level). Five 'coincident' pulses (in time and place) 
raise the level to 0.63 S and saturation (0.95 S) is effectively 
reached with 15 'coincident' pulses. The value of k is chosen to 
conform with laboratory data for the amplification attained in the 
6-stack electrostatic image tube intensifier.
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A.2.2 Read off section
The input section (steps A.l through A.5) is repeated until the next 
photon arrival time would occur later than the pending readoff time. 
At this point the input section is suspended and :
Figure A.6 the charge on each diode :
is calculated as the integral over the read time (4 m s ) of the 
brighteness distribution, summed over the 4 input resolution elements 
facing each diode, and converted by the ADC into a number in the range 
0 - 255. This charge computation is performed each input photon cycle, 
and terminated each read off time.
Figure A.7 The previoiis frame is subtracted from the current frame and 
photon events are identified where :
i) X > threshold
ii) 'AND X 4- Y > V + W
iii) AND W 4- X > Y 4- Z
where V, W, X, Y, Z (see fig A.7) represent the values in the 5 diodes
around each successively tested diode. Detected photon events are 
located to half a diode resolution using the centreing logic :
t
Charge B(t)dt
Y 4- Z > V 4- W ■=> right hand half
Y 4- Z < V 4- W — > left hand half
and accumulated in the detector memory as the output spectrum.
A.3 RESULTS
The simulation was run for a variety of mean input rates corresponding 
to 0 - 15 Hz per input resolution element. The ratio of PCA measured 
to actual input rates per pixel for all these different rates is shown
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plotted in figure A.8, together with the best fitting curve of the 
form :
R = R - aR 2 + aR 2t o o  o
where R, is the true input rate and R the measured rate. This t o
function has been determined by trial and error to be the best
fitting, single parameter function, with the proper characteristics of
linearity in the photon counting range 0 - 1 Hz. For the actual
empirically determined value of a = 0.0035, R  - R to high accuracyt o
for rates in this range.
Figure Ä.9a shows the input template spectrum (thick line) and 
simulated measurements of this at mean input rates of 3, 5 and 10 Hz 
(per pixel). Figure A.9b shows the same template spectrum (thick line) 
with an overlaid, corrected simulated measurement at 5 Hz. The 
agreement is seen to be very good. The pixel-to-pixel error of the 
corrected, simulated measurements with respect to the template 
spectrum is easily calculated, and the ratio (called here the 'error 
ratio' ) of this to the expected noise for the actual number of 
detected photons is tabulated for a variety of observed rates in table 
A.l, together with the corresponding true rates and percent 
corrections.
Table A.l PCA corrections
Observed Corrected
Rate (Hz) Rate (Hz)
1 1.00
2 2.01
3 3.06
4 4.17
5 5.35
6 6.63
7 0.03
10 13.15
Percent Error
Correction Ratio
0.0 1.2
0.7 1.2
2.1 1.2
4.2 1.3
7.0 1.5
10.5 1.6
14.7 2.2
31.5 2.7
The coincidence correction derived has been tested on real 1DPCA 
spectra and found to give very good results. Figure A.10 shows (top
figure A.8
A plot of cumulative simulated PCA measured photon incidence 
rates per pixel (R^) as a function of actual input rate 
( ) .  The l>est fitting curve of only one free parameter is 
shown.
figure A.9 a) A typical input template spectrum (thick line) 
is compared with output spectra from the simulation, as 
measured at 3 values of mean input photon arrival rates of 
3, 5 and 10 Hz per pixel.
figure A.9 b) The same input template spectrum is compared 
with the output spectrum from the simulation (thin line) 
measured at a mean input rate of 5 Hz, and coincidence 
corrected according to the adopted formula.
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figure A.10 Top panel : Four real spectra of a B5 V star 
observed at measured count rates of 14, 12, 7 and 4 Hz per 
pixel. These spectra were measured at different rates by 
varying the spectrograph slit width. The spectra are 
normalised at 4700 A, and show both continuum flattening and 
reduction of line equivalent widths as the count rate 
increases.
Bottom panel : The same four spectra after coincidence 
correction. The agreement in both continuum and line 
strengths is very good.
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panel) tour spectra of a B5 V star observed at measured count rates of 
14, 12, 7 and 4 Hz per pixel. The different rates were achieved by 
varying the width of the entrance slit to the spectrograph. The top 
panel of figure A.10 shows the four observed spectra after wavelength 
calibration, all normalised to the same value at 4700 A. The spectra 
have been fourier filtered to a resolution of 14 A. The spectrum taXen 
at the fastest rate (14 Hz - upper trace) shows clear evidence of 
continuum flattening and reduction of line equivalent widths due to 
differential coincidence losses as the count rate varies as a function 
of wavelength. This effect is evident to a lesser degree in the other 
spectra also. The lower panel of figure A. 10 shows the same four 
spectra overlaid after coincidence correction. The agreement in both 
continuum and line strength is very good.
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